Measuring and understanding coating degradation under combined mechanical, electrochemical and environmental effects by Ranade, Shyama Deepak
1 | P a g e  
 
 
 
 
Measuring and understanding coating 
degradation under combined 
mechanical, electrochemical, and 
environmental effects 
 
by 
 
Shyama Deepak Ranade 
M. Tech (Corrosion Engineering) 
 
 
 
Submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy 
 
 
 
Deakin University 
August 2017 
2 | P a g e  
 
  

4 | P a g e  
 
 
  

6 | P a g e  
 
  
7 | P a g e  
 
 
 
 
 
 
 
 
 
 
 
 
Dedicated to my family 
 
  
8 | P a g e  
 
 
9 | P a g e  
 
Abstract 
Organic coatings are widely used as a means of corrosion prevention for structures such 
as underground energy and water pipelines, with cathodic protection (CP) acting as a 
complementary corrosion protection technique. Under buried environmental conditions, 
coatings on pipelines are subjected to mechanical stresses during pipeline installation processes 
such as hydrostatic testing and field bending, as well as during pipeline operation where the 
external soil loads and the internal pipeline pressure continuously impose mechanical stresses 
on coatings. Coatings on buried pipelines are also under the concurrent influence of the 
underground soil corrosion environment and cathodic protection (CP). This constitutes a highly 
complex coating exposure condition that is influenced by multiple factors in nature. Although 
the degradation of organic coatings in corrosive environments has been studied extensively 
over the past few decades, the behaviour and mechanism of coating degradation under such a 
multifaceted condition has not been examined sufficiently. Technological difficulties in 
simulating such a complicated system and in measuring and quantifying changes in coating’s 
integrity and corrosion resistance are believed to be the prime reason for this lack of 
understanding. For instance, most of the current experimental methods are able to apply only 
two of three effects, and those that simulate all three factors have drawbacks in terms of strain 
application and measurement capabilities.  
In this research, new experimental methods were designed and adopted to overcome 
major difficulties in studying the combined influence of multiple factors on pipeline coatings. 
A novel laboratory setup was designed and constructed to enable the in situ application of 
mechanical strain, corrosive environment, and cathodic protection on the coating, and to 
facilitate the simultaneous measurement of parameters related to coating degradation under the 
influence of these factors. Electrochemical impedance spectroscopy (EIS) was utilised to 
observe the correlation between the applied strain levels and the corresponding changes in 
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coating resistance and coating capacitance. Characterisation techniques such as optical 
microscopy, optical profilometry, scanning electron microscopy (SEM), and X-ray computed 
tomography (CT) were put to innovative and combined use with EIS in this study to trace and 
characterise coating defects from the very early stages of micro shear bands initiation to the 
formation of full coating cracks. Finite element analysis (FEA) was employed to model and 
explain the influence of strain and stress distributions on the initiation and propagation of 
coating defects. These new approaches enabled detailed study of the initiation and propagation 
of coating degradation under the influence of major factors affecting underground pipelines. 
The focus of this work is on nominally intact coatings subjected to low plastic strains, which 
are common in the pipeline industry. However, the coating degradation under these conditions 
has not yet been studied in any detail. 
A series of experiments was conducted using the new laboratory setup that is able to 
impose low plastic strains on coated steel test samples while applying the EIS technique. It is 
revealed that the low plastic strains have a significant influence on the electrochemical 
properties of the coating, a point rarely confirmed in the past, leading to a greater degradation 
of the coating compared to an unstressed coating. The increasing strains lead to an acceleration 
of the coating degradation, as indicated by reductions in the coating resistance and 
corresponding increments in the coating capacitance. These results suggest that the claims in 
the literature that mechanical strain has a degrading impact on coatings are also true for the low 
plastic strains. Additionally, experiments were extended to the combined application of 
mechanical strain, environment, and CP.  
The initiation of electrolyte ingress into the coating was found to lead to coating 
degradation, indicated by a large drop in the coating impedance and the coating resistance in 
the initial stage of exposure. A higher degree of degradation is seen for coatings under increased 
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mechanical strains, and is found to be influenced by the surficial features in coating structures. 
Further propagation of coating degradation was observed in the EIS results in the form of a 
gradual reduction in coating impedance and the coating resistance, accompanied by an increase 
in the coating capacitance for increasing strain values.  
In situ SEM observations revealed the presence of nano-sized shear bands (width ~ 400 
nm), and nano cracks (width ~ 150 nm), both of which may allow the ingress of the electrolyte 
at the very early stages of mechanical straining. Further, the nano cracks and nano shear bands 
were found to evolve into micro shear bands (width ~ 10 μm), with these micro shear bands 
later developing into microcracks. This growth and evolution was corroborated by the stress 
and strain distributions obtained by finite element analysis (FEA) modelling, and these 
evolutionary steps are able to explain the trend in the incremental coating degradation. The 
corresponding changes in the coating structure in the through-thickness direction were 
modelled using SEM and FEA, which map the high strain regions that may form the most likely 
paths for electrolyte movement into the coating in the event of the application of a mechanical 
strain. The formation of these paths explain the accelerated degradation for the higher strains. 
The advanced characterisation CT technique assisted in visualising the electrolytic paths in a 
novel three-dimensional form, which is also shown in the form of an FEA model.  
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Chapter 1 Introduction 
Organic coatings are one of the first modes of protection against corrosion of buried 
steel pipelines such as underground energy and water pipelines [1, 2]. The coatings employed 
for pipeline applications generally fall into the categories of high build epoxy, fusion bonded 
epoxy, coal tar, high density polyethylene, etc. [3]. When used for pipelines buried in the 
ground, coatings are expected to act as a barrier between the steel substrate and the surrounding 
soil. However, with increased exposure to the environment, there is an ingress of ions and 
electrolytes into the coating. This affects the material properties of the coating, including the 
electrochemical properties such as the coating resistance and coating capacitance [4-8]. Thus, 
the environment to which the coating is exposed plays an important role in the degradation of 
the coating. The degradation of organic coatings in various corrosive environments has been 
studied extensively over the past several decades, analysing the influence of factors such as the 
polymer constituents [9-11], electrolyte concentration [4, 12], coating layers and thickness [13, 
14] etc. However, coating degradation under complex underground high pressure pipeline 
conditions has not been examined sufficiently. 
The buried pipeline system is a highly complex application environment for coatings. 
Before a pipeline becomes fully operational, it is usually subjected to hydrostatic pressure 
testing as a part of the standard pre-installation procedures [15]. Hydrostatic testing involves 
pumping water into a pipeline section that is covered with caps on both ends. According to the 
Australian standard AS/NZS 2885.5-2012, the testing pressure may be increased to a value that 
may introduce high mechanical strains in the pipe [15, 16]. Additionally, when petroleum or 
natural gas starts flowing through the pipe, hoop stress is introduced as a result of the internal 
pressure [15, 16]. Such stresses lead to mechanical strains being induced in the coatings. As 
the coatings are made predominantly from polymeric materials, their mechanical properties are 
significantly different to those of the underlying pipeline steel. As a result, such a strain induced 
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in the polymer coatings through the pipe walls may lead to an increase in the free volume in 
the coatings, and the formation of voids and cracks [17-19]. This may increase the number of 
pathways available to the ions and moisture in the surrounding soil, to penetrate the coating. 
Therefore, under the combined effect of mechanical strain and the environment, there is a 
possibility of an increase in the degradation of the coatings, compared to conventional coating 
degradation in corrosive media. Currently, the actual effect of mechanical strain on the 
degradation of coatings has not been examined or quantified sufficiently. 
A further complication in a fully operating pipeline is the existence of cathodic 
protection (CP), which is usually used as a complementary corrosion protection technique to 
prevent corrosion occurring at inherent coating defects where the bare metal is exposed to the 
corrosive environment. A standard CP potential of -850 mV with respect to copper/copper 
sulphate reference electrode is usually applied to buried steel pipelines [2]. In previous detailed 
studies, this negative CP potential has been found to be responsible for the cathodic 
disbondment of coatings [20, 21]. However, the effect of this CP potential on the degradation 
of an intact coating has not been examined or quantified sufficiently, although research has 
shown that the application of a negative potential on an intact coating could lead to an increased 
ingress of moisture and cations into the coating [12, 22, 23].  
Hence, it is imperative that the effects of mechanical and CP potential factors on the 
degradation of the coating are taken into account in order to accurately evaluate the coating 
damage and life span under buried pipeline conditions.  
Unfortunately, there are some major technological difficulties in simulating complex 
pipeline coating exposure conditions and in measuring changes in coating’s integrity and 
corrosion resistance. A number of experimental setups have been designed [12, 24-30] to study 
the combined effects of the environment and either mechanical strain or CP, as well as their 
independent effects. However, there are limited experimental setups that enable the 
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simultaneous imposition of all complex mechanical and environmental parameters on a coating 
[31-33]. Currently, there is no experimental method that is able to simulate such a complex 
pipeline coating condition and simultaneously measure its effects on coating degradation due 
to the simultaneous influence of multiple factors. Hence, this research starts from the 
development of such an experimental method and procedures to enable the study of the 
degradation of pipeline coatings under the concurrent effect of multiple factors. 
1.1 Scope and aims  
This thesis documents the development and utilisation of novel experimental 
approaches to investigating the degradation of organic coatings due to the simultaneous effects 
of a corrosive environment, mechanical strain, and CP. The primary conditions of the system 
under study that form the scope of the thesis are as follows: 
1. The coating is a nominally intact organic coating, which is a typical coating 
type used in the pipeline industry.  
2. This nominally intact coating is exposed to low plastic strains that do not lead 
to the formation of large defects or cracks. 
3. The research focusses on the relatively early stages of exposure of the coating 
to the corrosive medium. 
4. The levels of applied strain, duration of exposure, and applied CP levels form 
the variables in this work. These variables are selected to simulate common 
energy pipeline conditions in Australia. 
The present research work aims to achieve the following particular goals: 
 Develop a new technique that imposes mechanical strain, corrosive electrolyte, and 
CP concurrently, and is suitable to analyse changes in the electrochemical 
properties of the coating. This technique will enable the technical difficulties 
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described above to be overcome, and experimental evidence and data to be acquired 
to fill the knowledge gaps identified in the literature. 
 Evaluate electrochemical impedance spectroscopy (EIS) as a tool, along with 
various advanced coating property characterisation techniques, to enable the mode 
and extent of coating degradation to be gauged under simulated typical buried 
pipeline operational and environmental conditions. EIS is explored as the means of 
performing in situ measurement of changes in the electrochemical properties of the 
coating as a result of coating degradation. Although previous studies have found 
EIS to be a valuable tool to evaluate coatings in the prior studies [4, 5, 14, 25, 32, 
34-38], it has not been used in conjunction with coating surficial and structural 
characterisation methods to allow the direct correlation of electrochemical 
properties and changes in coating morphology.  
 Investigate the degrading effects of low plastic strains on coatings in an electrolyte 
simulating soil resistivity conditions. 
 Develop and use models based on coating structural characterisation and finite 
element analysis (FEA) to explain the behaviour of coating degradation due to 
electrolytic ingress under various external factors. 
1.2 Thesis overview 
The thesis commences in Chapter 2 with a literature review that details the various 
methodologies adopted in previous research. It briefly describes the knowledge gained by 
various researchers who have studied the individual and combined influences of corrosive 
environment, mechanical strain, and CP, as well as the knowledge gaps. The different 
electrochemical and characterisation methods employed for the analysis of coating degradation 
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are explained to allow an informed decision regarding the selection of an appropriate method 
for the present study. 
Chapter 3 enumerates the various experimental techniques chosen for the present study. 
An account of the materials used and the sample preparation for the coating is given, and the 
electrochemical techniques are described. Moreover, the microscopic and other surface 
analysis techniques used for the characterisation of the samples are described. 
Chapter 4 forms the first crucial experimental section, wherein the design and 
development of a novel tensile testing – corrosion exposure – electrochemical measurement 
setup is elucidated. The novel setup was designed to account for many of the gaps identified 
during the literature review. The motivation for the development of the setup, as well as the 
different aspects considered during the design stage, are detailed. Then, the chapter presents 
the results of the preliminary experiments carried out to verify the reliability of the setup. In 
addition, the efficacy of EIS in measuring the coating degradation in this situation was tested. 
Chapter 5 reports a study of the concomitant influence of mechanical strain and 
corrosive electrolyte on the electrochemical properties of a typical pipeline coating using the 
new setup described in the preceding chapter, and relates it to electrochemical parameters such 
as coating resistance and coating capacitance.  In addition, a study on the combined effect of 
mechanical strain and cathodic protection in the presence of a corrosive electrolyte is described. 
Chapter 6 and 7 describe detailed studies of the degradation behaviour observed in 
Chapter 5 in terms of its initiation and propagation, respectively. Chapter 6 deals with the 
initiation of coating degradation and electrolytic ingress in terms of variations in the coating 
surface morphology. The steps taken to observe the very early stages of coating damage are 
detailed, along with a finite element analysis (FEA) simulation to explain the stress distribution 
responsible for the observed features. Further, an optical analysis of the surface features 
simulated using the novel setup is described. 
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Chapter 7 describes the propagation of the degradation with the assistance of FEA 
modelling to highlight the influence of the mechanical strain when the electrolyte has 
penetrated the surface into the cross-section of the coating. Then, a two-dimensional model 
incorporating elements such as mechanical strain effect and filler materials is given. The three-
dimensional visualisation of the electrolytic paths in the coating is presented using the 
technique of X-ray computed tomography (CT) data. The FEA method is used to explain the 
electrolytic path formation through the fillers. 
Finally, Chapter 8 recapitulates the main observations and conclusions of the present 
research. It includes recommendations for future studies that may add to the knowledge gained 
during the course of this work. 
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Chapter 2 Literature Review 
This chapter presents a critical review of the available literature on coating degradation 
occurring under the effect of the three factors of interest: corrosive environment, mechanical 
strain, and CP, as well as on the methods adopted and used to gain knowledge of the individual 
and combined impacts of these factors. 
2.1 Methods for investigating coating degradation 
A number of characterisation and electrochemical methods have been used to 
investigate coating degradation under mechanical and electrochemical exposure. Before 
detailing the various modes and mechanism of coating degradation, the main methods 
commonly adopted to examine and measure coating degradation are described as follows.  
2.1.1 Electrochemical testing methods 
Over the past several decades, electrochemical techniques such as electrochemical 
impedance spectroscopy (EIS) [1-8], potentiodynamic polarisation [9-11], electrochemical 
noise [5, 12-17], and electrolytic resistance measurement [18-22] have been used to gauge the 
extent of coating degradation. Reviews of these techniques used for metals and coatings have 
been written by leading authors in this field, such as Leidheiser [23], Bierwagen [24], 
Wolstenholme [25], Murray [26-28], and Walter [29]. A typical study was described by Lin et 
al. [9], who published a technical note on the usage of potentiodynamic polarisation for organic 
coatings, such as an opaque alkyd coating, with an average thickness of 130 μm. They 
conducted multi-cyclic potentiodynamic polarisation over three hours, wherein a standard 
three-electrode system was used with the coated sample as the working electrode, and the 
sample was taken to a cathodic and then anodic potential; this cycle was repeated multiple 
times. The current variations (I) obtained with respect to the potential changes (E) were 
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recorded. Then, the coating was pricked with a needle and polarisation was carried out again. 
Over the first three hours, the intact coating showed current values that were sufficiently small 
to occur along the horizontal axis (as shown in Figure 2.1), which according to Lin et al. 
indicates the absence of conductive paths in the coating. The defect formed by the needle 
allowed a conductive channel to be formed. Similar results are observed in the later research 
works, such that of Talo et al. [10] and Tan et al. [11], who introduced a single defect in 
polyaniline coatings. However, in the present work, because the aim is to study intact coatings 
with no intentional defects, potentiodynamic polarisation may not be suitable. 
Electrochemical noise measurement is another technique that measures the current 
passing between the working and counter electrodes (or two nominally identical working 
electrodes) using a zero resistance ammeter, and simultaneously records the potential with 
respect to a reference electrode [5, 12-17, 30, 31]. Reviews of this technique and its application 
for evaluating coatings have been written by leading authors in this field, such as Skerry et al. 
[32], Walter [29], Murray [27], and Bierwagen [24]. Bierwagen et al. [33] describes a typical 
Figure 2.1: MCPDP curves for a 130-μm, opaque alkyd coating on steel in 3% NaCl 
solution before (dark line on the horizontal axis) and after pricking with a needle (curves 
away from the horizontal axis). [9] 
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work that involved study of epoxy and alkyd marine coatings (average thickness ~ 200 μm). 
Identical coated samples were chosen as the working and counter electrodes. The raw data of 
the current potential records were analysed to obtain the power density spectra, as well as to 
calculate the noise resistance (Rn) as a function of time. Figure 2.2 shows that Rn is high at the 
initial exposure, with the epoxy exhibiting a better protective behaviour. It decreases with 
increasing exposure time, indicating possible degradation of the coating. This technique was 
shown to be able to differentiate between the protective capability of the two types of coatings, 
namely epoxy and alkyd. However, the authors of this paper have stressed the importance of 
having two identical samples. Such an arrangement may not be possible if one sample has to 
be strained mechanically, as required in the present project. Moreover, the parameters, such as 
noise resistance, measured from the technique have not yet been linked directly with coating 
structural changes. Hence, this technique may not be appropriate for this research. 
EIS is an electrochemical technique that has shown major advantages in coating studies, 
as follows:  (i) it is able to measure a range of electrochemical and coating parameters related 
to coating degradation in terms of the changes in the electrochemical impedance, coating 
resistance, and coating capacitance that could indicate the variation in the electrolyte ingress 
in the coating as a function of the period of exposure [34]; and (ii) it is a non-destructive 
Figure 2.2: Rn vs time for marine coatings. [33] 
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technique, and hence, can be used for intermittent measurement over the entire exposure period 
[4]. This characteristic is required in cases of long-term exposure of the coating, where the 
setup cannot be disturbed.  Reviews of this technique and its application for evaluating coatings 
have been written by leading authors in this field, such as MacDonald [35], Mansfeld [36], 
Rammelt et al. [7], and Walter et al, [37]. This technique involves applying a small sinusoidal 
voltage perturbation, and measuring the corresponding changes in the current [7]. Impedance 
values are calculated subsequently and are plotted in the form of Bode plots, as shown in Figure 
2.3. The Bode plots show the variation in logarithmic values of the impedance modulus versus 
the logarithmic values of the respective frequencies. They are often used to note the coating 
degradation patterns.  
A typical application of EIS is illustrated by the research conducted by Zhu et al. [38] 
who carried out EIS measurements on a 120 ± 10 µm thick aliphatic urethane composite coating 
(aliphatic polyurethane topcoat + micaceous ferric oxide epoxy intermediate + zinc-rich epoxy 
primer). The coated samples were exposed to 3.5% NaCl solution in the presence of UV light 
of 365 nm wavelength, and 1000 W power. They were subjected to the EIS measurements, at 
a voltage perturbation of 10 mV in a frequency range of 10-2 to 105 Hz. In the Bode plot in 
Figure 2.3, after three hours of exposure, the coating shows a capacitive slope, indicating that 
it remains relatively intact with almost no degradation. This means that if such a slope is 
observed, the coating is intact with a better protective nature under external conditions. In 
addition, it may be hypothesised that the longer the coating exhibits this slope, the better its 
protective properties. Further, Zhu et al. observed a change in the plot with the appearance of 
a resistive slope on day 2. The slope persists with the impedance at the lowest frequency of 10-
2 Hz reducing over the duration of exposure. The authors attribute this to the increasing 
penetration of the electrolyte into the coating. Such a plot variation is helpful in indicating the 
degree of degradation of coatings. 
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Another way of representing EIS data is through Nyquist plots. Nyquist plots are plots 
of imaginary impedance values versus real impedance values, as shown in Figure 2.4 [1]. The 
condition of a coating can be determined from the shape of the plot; hence, it is pertinent to the 
present work to understand this concept [1, 37]. For example, if the coating is intact or in the 
very early stages of degradation, a single time constant occurs in the form of an arc, indicating 
the capacitive nature of the coating (Figure 2.4 (a)) [2, 38-40]. For an extended ingress of the 
electrolyte into the coating, there may be a transformation of the arc into a single semicircle 
(Figure 2.4 (b)). When two semicircles are observed, the higher frequency semicircle usually 
depicts the coating, and the lower frequency semicircle depicts the corrosion processes at the 
metal surface below the coating (Figure 2.4 (c)) [2, 39-41]. In addition, there may be a tail at 
the lower frequencies. This is believed to be due to an element called Warburg impedance, 
which is said to represent the diffusion of the oxygen involved in the cathodic reaction, or of 
the corrosion products [1]. It should be noted that in practice, the plot shapes may vary from 
the ideal plots depending on the coating system studied. 
Figure 2.3: The Bode plots of aliphatic polyurethane composite coating in 3.5% NaCl 
solution under UV aging. [38] 
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A typical work depicting these degradation stages in a coating was carried out by 
Miskovic-Stankovic et al. [34] on an electrodeposited epoxy modified with amine and 
isocyanate coating on a steel T-57 plate. The coated steel was exposed to 3 wt. % NaCl for a 
period of approximately two weeks. A three electrode cell was used to carry out the EIS 
technique regularly, where a sinusoidal voltage of amplitude 5 mV was applied over a range 
of frequencies from 100 kHz to 10 mHz. The resulting Nyquist plots are shown in Figure 2.5. 
Here, at the exposure time of 16 days, the coating shows the typical plot of one semicircle, 
indicating that the coating has been penetrated by the electrolyte, but still covers the metal 
completely. The plots for days 18 and 19 show two time constants, indicating the beginning 
and progression of the metal corrosion underneath the coating as a result of the defects formed 
by the electrolyte ingress. These characteristic EIS behaviours are important for the present 
PhD work since it also deals with intact coatings without any artificial defects, and hence could 
show similar EIS behaviour. 
Figure 2.4: Typical spectra: (a) capacitive behaviour; (b) one semi-circle; (c) two semi-
circles; (d) 45° to real axis. [1] 
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A further study by Echeverría et al. [42] was carried out on eight different coatings on 
low carbon steel plates. The coatings had different combinations of epoxy primer with zinc or 
micaceous iron oxide particles and a topcoat of epoxy-siloxane or polyurethane. They were 
exposed to 3 wt. % NaCl for a period of almost one year. Of the eight coatings, only two 
coatings, namely coating #3 (water based epoxy primer + water based polyurethane topcoat; 
average dry film thickness 140 ± 5 μm) and coating #4 (only epoxy-siloxane; average dry film 
thickness 70 ± 5 μm) are discussed. Figure 2.6 shows the Nyquist plots obtained when the 
coatings were subjected to EIS measurements at a sinusoidal voltage of rms amplitude 20 mV 
swept from 100 kHz to 1 mHz. It can be seen that the coating exhibits an arc, rather than a 
semicircle, in the initial days of exposure. According to the typical plots in Figure 2.4, the arcs 
in Figure 2.6 (A and B) indicate the predominantly capacitive behaviour of the coating, with 
an ongoing ingress of electrolyte. The radius and magnitude of the arcs decrease with time. 
Similar to the previous example, over a longer period, the arc shapes changed to semicircles, 
as shown in Figure 2.6 (C and D). Relating this observation to the work by Mišković-Stanković 
et al. [34], the semicircles here may also represent the increased penetration of the electrolyte 
into the coating with increased exposure time. Therefore, it is possible to gauge the coating 
Figure 2.5: Complex plane plots for electrocoated steel at 250 V after various exposure times 
in 3% NaCl. [34] 
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condition using the Nyquist plots when the coating is exposed to a corrosive medium. This is 
a particularly important reference for this present research, as the coatings under study are 
nominally intact (with no large defects), and hence may exhibit such behaviour at a very early 
exposure time. 
These Nyquist plots could be further analysed and interpreted using electrical circuits, 
namely equivalent circuits that employ combinations of elements of resistance, capacitance, 
Figure 2.6: Impedance spectra evolution of the epoxy–siloxane topcoat (A and B) and the 
epoxy–polyurethane water-based coating system (C and D), respectively, for immersion in 
3% by weight NaCl solution. [42] 
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inductance, etc. to simulate electrochemical interfaces [1, 7, 37, 43]. Typical schematics drawn 
by the authors of the present work are shown in Figure 2.7. Walter [37] illustrated the 
(a) 
(b) 
(c) 
Figure 2.7: Typical electrical circuits corresponding to the Nyquist plots represented in the 
form of a coating system. 
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correlation between coating states, the shape of the Nyquist plot, and the electrical circuits to 
simulate these states. For instance, if the Nyquist plot shows a straight line indicating an ideal 
capacitive coating, the equivalent circuit would include only a solution resistance in series with 
the coating capacitance (Figure 2.7 (a)). If the plot shows an arc or one semicircle indicating 
penetration of electrolyte into the coating, the equivalent circuit would contain a solution 
resistance Rs in series with a parallel loop of a coating resistance Rc and a coating capacitance 
Cc (Figure 2.7 (b)). When a coating degrades to include the metal in the corrosion process, such 
as in the two-semicircle Nyquist plot, the circuit would then include an additional loop of 
charge transfer resistance Rct and double layer capacitance Cdl (Figure 2.7 (c)). This suggests 
that changes in coating resistance and coating capacitance, and the trends thereof, illustrate the 
progress of electrolyte movement and uptake in the coating, suggesting coating degradation [7, 
8, 34]. 
In a typical EIS investigation, Ramesh et al. [44] experimented on a number of 
polyester–epoxy coating systems using coating resistance to gauge the protective properties of 
the coatings. Ramesh et al. [44] used a range of polyester–epoxy coatings named 100P (100% 
polyester), 90P10E (90% polyester–10% epoxy), etc. All of the coatings were applied on mild 
steel panels and were exposed to 3.5% NaCl for 30 days. EIS measurements were conducted 
on them regularly and the impendace data were resolved to obtain coating resistance values.  
The coating resistance values for the coating systems are shown in Figure 2.8 for all of 
the coatings. While the 90P10E coating shows a very high initial coating resistance. and 
sustains it over the entire exposure time, other coatings such as 100P, 40P60E, 30P70E, and 
50P50E show reduction in coating resistance, indicating easy electrolyte ingress for these 
coating compositions. In constrast, coating types such as 60P40E and 80P20E have a very low 
intital coating resistance and the reduction over time indicates a high penetration of the 
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electrolyte into the coating. The authors of the work attribute this to a pororus coating structure 
although no further characterisation was carried out. 
 
Moreover, coating capacitance has also been found to be useful to indicate coating 
degradation in conjunction with coating resistance. As shown in Figure 2.9, Moreno et al. [45] 
carried out EIS measurements on a polyamide–epoxy coating applied on galvanised steel 
plates, and determined the dependence of the coating capacitance and the coating resistance. 
Three coating systems of single-layer polyamide–epoxy, double-layer polyamide–epoxy, and 
triple-layer polyamide–epoxy (with a third layer of polyurethane–aliphatic top coat) coating 
were exposed to 3 wt. % NaCl for 40 hours. The trends obtained for the coating capacitance 
and coating resistance are shown in Figure 2.9. The coating capacitance for the single layer is 
greater than that for the double and triple layers, because of the faster electrolyte uptake leading 
to capacitance saturation in the single layer earlier than in the double and triple layers; this is 
likely attributed to the thicknesses. Moreover, the larger capacitance in the single layer shows 
Figure 2.8: Graph of coating resistance (Rc) of the coating samples during 30 days of 
immersion in 3.5% NaCl. [44] 
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that there is more porosity, and hence more sites for electrolyte accumulation in the layer. In 
the case of the double and triple layers, the porosity of one layer may get sealed by the upper 
layers and make the transport of the electrolyte through the coatings difficult. Thus, the coating 
capacitance growth also indicates the qualitative extent to which the electrolyte has penetrated 
the coating, and hence has caused the degradation. Therefore, these parameters are highly 
useful to study the concept of electrolyte ingress in the coating, which is the primary reason for 
consideration of the EIS technique. 
Although the EIS technique can be used for in situ determination of the different stages 
of coating degradation, it has not yet been used to study the complex combined impact of 
environment, mechanical strain, and CP on a coating.  This thesis aims to fill this gap by further 
developing the EIS method and associated experimental devices. 
Figure 2.9: Time dependence of the coating capacitance, C, and the coating resistance, R, 
values determined coated galvanized steel during immersion in 3 wt. % NaCl aqueous 
solution. The corresponding paint systems are indicated in the graphs. A: single layer, B: 
double layer, C: triple layer. [45] 
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2.1.2 Methods for characterising protective coatings 
Optical microscopy [46, 47] and scanning electron microscopy (SEM) [46, 48, 49] have 
been used to observe the changes in coating morphology that occur owing to exposure to the 
environment, mechanical strain, and CP. Optical microscopy involves the use of visible and 
near visible wavelengths, and is usually employed for lower magnification [50]. It does not 
require as much sample preparation as the SEM technique. An example is the observation of 
the glycol modified polyethylene terephthalate coating by Zhang et al. [46]. The coating was 
transparent and was observed before and after exposure to the environment. The steel surface 
below the coating showed the presence of corrosion products, as shown in Figure 2.10. The 
visible light makes it easier to obtain a clear contrast between the features, making it easier to 
identify changes in the coating. This technique should be useful in the present research to 
observe the surficial features of the coating when subjected to mechanical strain and other 
factors. 
In the SEM technique, an electron beam at a particular voltage is scanned over a small 
selected area on the sample, which produces elements such as secondary electrons and back 
scattered electrons at the points of beam interaction [51]. These electrons are specific to the 
features at the positions, and hence yield an image that reveals these features. This technique 
is used when a high resolution is required, and cannot be achieved by using optical microscopy. 
Figure 2.10: Optical micrographs of the PETG-coated steel in 25% strain (a) before and (b) 
after exposure to 3.5% NaCl solution. [46] 
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It has been used for the observation of cracks on coatings subjected to mechanical strain, such 
as by Klüppel et al. [52], who observed the increase in crack size on a coating surface under 
higher strain, as shown in Figure 2.11. Such an observation is very useful for the present work 
to further investigate the impact of mechanical strain on the coating structure in the cross-
section, as well as on the surface. 
This SEM technique can be modified to carry out in situ tensile testing inside the SEM 
chamber to observe the changes in a coating sample during tensile testing [53-55]. A typical 
experiment was carried out on a nickel-based superalloy by Summers et al. [54], where the 
alloy samples were installed in a tensile testing holder that was then installed in the SEM 
chamber. The surface of the alloy was observed as it was elongated in a tensile manner at 750°C 
in the SEM chamber. As seen in Figure 2.12, it is possible to observe the crack formation at 
the precipitates in the grain boundary region, as the strain level was increased. This technique, 
Figure 2.11: FE-SEM top view (a) and cross-section (b) of an unformed and a 5% (c) and 
20% (d) stretched Zn particle containing coating on electro-galvanised steel. [52] 
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if used in the present research, may help to reveal the evolution of cracks in coatings subjected 
to mechanical strain. 
Transmission electron microscopy (TEM) is another high-magnification technique, 
which involves passing an electron beam through a very thin sample (less than 200 μm), and 
generating an image based on the transmitted electrons [50]. The transmitted electrons differ 
according to their scattering occurring due to the different phases present in the material. 
However, these high-magnification techniques are beyond the scope of the present research. 
Figure 2.12: Surface observations of a sample tested at 750 °C while applying a tensile strain 
rate of 2 × 10−5/s: a initial state, b 0.01 true strain and c 0.02 true strain. [54] 
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2.2 Mechanical straining methods to simulate complex coating degradation scenario 
The impact of the mechanical strain on coating degradation has been studied to a certain 
extent. As the study of this impact forms an important component of the thesis, it is necessary 
to scrutinise the various methodologies adopted so as to select the best aspects and improve on 
the shortcomings. 
Although limited work has been conducted on the effect of stress on the pipeline 
coatings specifically, numerous studies have been conducted on coatings used in other 
industries, including automotive, packaging, and marine. Different modes of stress application 
were adopted in these studies and can be categorised into three types – 1) uniaxial stretching, 
2) bending, and 3) cyclic loading. The concept of uniaxial loading appears to be the most 
common [46, 49, 52, 56, 57]. Additionally, in all of the test setups, the three electrode system 
consisting of a working electrode, counter electrode, and reference electrode was used when 
coating degradation measurements were required. The EIS technique was the main technique 
utilised to gauge these properties. 
In the uniaxial test mode, there are two ways of applying loading – ex situ and in situ. 
Ex situ loading involves stretching the samples, such as those shown in Figure 2.13, to pre-
determined strain levels on a workshop scale tensile testing machine [49], and then conducting 
corrosion testing on the samples. The advantage of this method is that it is possible to observe 
the morphological changes in the coating before and after stretching, as well as after exposure 
to the corrosive medium. However, the strain levels used for the ex situ method have only been 
in the high plastic range of the stress-strain curve of the steel, from 9% to 23%. The reason for 
this has not been given, but it may be to induce the worst-case scenario. Thus, the properties 
of the coating when the steel is in the elastic region remain unexplored. This test method 
requires a dedicated industry scale tensile testing machine, which may not be available for long 
term testing. 
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The second method of uniaxial loading is the in situ method. This method is useful 
because it allows the degradation of a coating on a single steel sample to be studied at different 
strain levels. Although it requires a specialised setup, such as that shown in Figure 2.14 
prepared by Klüppel et al. [52], it is beneficial in providing an insight into the simultaneous 
change in the electrochemical properties of the coating. The setup shown in Figure 2.14 
involved the preparation of a miniature tensile testing machine to cause stretching in the 
horizontal direction. A special miniature electrochemical cell was prepared and attached to the 
top of the sample to be investigated. This setup also utilised very high plastic strains, from 5% 
Figure 2.14: Miniature stretching device with isolated sample holder and mounted sample. [52] 
Figure 2.13: A set of elongated samples used. [49] 
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to 25%, possibly to account for the large deformation observed in the automobile components, 
as the motive of that study was to verify the capability of the instrument to detect crack 
formation in the coating using the EIS technique for rapid analysis of the coating. 
In situ electrochemical measurement was also employed by Darowicki et al. [58] in an 
earlier study, but the mode of application of the stress was cyclic loading. Cyclic loading is 
important because the loads applied to the steel are entirely within the elastic region of the 
steel, as a permanent deformation is not desired. The variation in electrochemical properties is 
noted with respect to the increasing number of loading cycles. In this case, the workshop based 
tensile testing machine was employed for stress application, with the electrochemical cell 
attached to the sample. The arrangement of the electrochemical cell on the sample was as 
shown in Figure 2.15, which again limits the availability and practicality of its use for multiple 
strain levels and long term exposure. The major drawback of in situ measurements is that the 
morphological changes at each stage of the stress change have not been observed in the above-
mentioned investigations. In addition, the morphological change obtained after the final stage 
of deformation has not been characterised by optical observation and no explanation has been 
provided for it. 
Figure 2.15: Scheme of a ready-to-test specimen. [58] 
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The third mode of stress application is bending of the steel plates. This mode was used 
by Nguyen Dang et al. [59] and Fredj et al. [60, 61]. This mode is an ex situ method, where the 
coated steel plates were first bent to a pre-determined bending angle and then exposed to a 
corrosive medium. Two methods of bending were used. The first method was the construction 
of a setup with supports connected by threaded rods to obtain the desired degree of bending 
[60, 61], as shown in Figure 2.16. PVC tubes were attached to the concave and convex areas 
to measure the electrochemical properties in both regions. 
The second method was the construction of Teflon moulds in which the steel plates 
could be bent [59], as in Figure 2.17. Here as well, PVC tubes were used to hold the medium 
of exposure. The notable feature in these investigations is the magnitude of the applied stress. 
In the previously mentioned studies using the uniaxial tension mode, the stresses corresponding 
to the elastic and plastic regions of the steel were considered. However, in the case of bending 
stresses, the stresses in the viscoelastic region of the polymer coating were selected. Moreover, 
the changes in the coating on both the concave and convex sides were studied.  
Figure 2.16: Coated steel panel under tension and compression state. [60, 61] 
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These methods brought forth the following shortcomings –  
1. The existing systems described above do not allow long term and accurate control of 
coating strain. There is a need for a laboratory scale setup for the application of 
mechanical strain such that a continuous change in the mechanical strain is possible at 
a laboratory level with manually controllable strain application.  
2. The existing systems allow the coating to be exposed to the electrolyte only through the 
use of fixed tubes, such as electrochemical cells. The strain cannot be changed once the 
tube is fixed.  
3. There has been no provision for a continuous and simultaneous measurement of the 
applied strain, and hence it is not possible to note any changes in the strain occurring 
during or after the installation of the sample. 
These gaps have been given due consideration in designing the methodology for the work 
in this thesis. 
Figure 2.17: Coated steel panels under stretched state (a) and compressed state (b). [59] 
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2.3 Current understanding of the degradation of unstressed coatings under 
environmental exposure 
The phenomenon of coating degradation implies the failure of a coating to remain intact 
as a barrier against the external environment, such as soil and marine environments, where they 
are exposed to various ions, gases, and moisture [7, 34]. One of the main reasons provided for 
this degradation is the ingress of these ions and moisture into the coating [7, 62]. The ingress 
occurs by different mechanisms, which have been studied to a certain extent in the literature. 
2.3.1 Initiation of electrolyte ingress in an unstressed coating 
The commonly used pipeline coatings are polymeric in nature, such as epoxy, 
polyethylene, and coal tar [63-65]. When the coating surface is exposed to an electrolyte, either 
in the form of a free film or a polymer, the electrolyte is taken up at specific sites on the coating 
surface. These discrete sites were visualised by Taylor et al. [66] using fluorescence 
microscopy. In this typical study carried out by Taylor et al. [66], a two-part epoxy resin was 
coated on glass slides, and then exposed to distilled water, 50 µM MEQ solution, 0.1 M NaCl, 
and 1 M NaCl, respectively, for one day, after which the fluorescence patterns of the surface 
were analysed. More bright spots were found on the surface of the samples exposed to the 
distilled water, and the density of the spots reduced with increasing salt concentration. The 
bright spots were attributed to the interaction between water and the polymer, leading to 
plasticisation, which may have changed the local molecular arrangement. Moreover, a similar 
discrete uptake occurred for chloride ions in a study carried out by Moongkhamklang et al. [67] 
using a molecular probe technique on thin epoxy coatings. 
Cao-Paz et al. [68] analysed the occurrence of selective absorption of the electrolyte in 
the coating  by using a combination of the EIS technique and a quartz crystal microbalance. A 
commercially used automotive coating named BASF® electrocoat QT85-9475 was 
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electrodeposited on the quartz microbalance, which was specially designed to work while 
immersed in electrolyte. The mass gain of the coating was measured by the microbalance while 
simultaneously measuring the EIS characteristics of the coating. The initial mass gain was 
found to increase rapidly compared to the later stages of the exposure. This initial mass increase 
correlated with the coating capacitance measured using the EIS technique. Thus, there was a 
selective absorption of the electrolyte on the coating surface, which was related to the filling 
up of the surface pores. 
The heterogeneity of the polymer coating [21, 69, 70] was said to be responsible for 
these specific uptake sites, such as those present in the D (direct) type of polymer with lower 
cross-linking. The visualisation of this compositional difference in the polymer was briefly 
attempted by Hughes et al. [71] when they conducted an X-ray computed microtomography on 
an epoxy coating incorporating strontium chromate (SrCrO4) as a corrosion inhibitor. The 
technique involved subjecting the epoxy to X-ray absorption imaging, and then utilising the 
data constrained modelling (DCM) technique to analyse the composition of the coating. The 
DCM method involved using the linear attenuation coefficients (LAC) of the individual known 
components of the coating to map the respective absorption densities over the volume of the 
coating. Surprisingly, in the polymer component, which was considered to have a single LAC, 
the results revealed a contrast in the distribution of the absorption densities. The authors 
attributed this to a possible difference in the local composition of the polymer, which may 
possibly correlate to the D and I regions.  
The difference between the electrolyte ingress in the D and I regions [21] possibly 
facilitate faster uptake and a greater number of sites for chemical bonding of the water 
molecules with the polar sites in the polymer [70, 72]. The uptake of the electrolyte on the 
surface of such a coating is said to be the controlling step in the electrolytic movement [73], 
thus implying that any change in the morphology of the top surface due to other factors may 
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be influential. The immediate filling up of these surface defects is reflected in the form of a 
reduction in the coating resistance in the first few days after the exposure of the coating to the 
electrolyte [34]. 
2.3.2 Propagation of electrolyte ingress through unstressed coating 
2.3.2.1 Pathways for electrolyte ingress in unstressed coatings 
Further movement of the electrolyte occurs through pathways that may be categorised 
into three major types of internal void spaces in the coating – free volume [74-76], 
microcapillaries [76, 77], and larger voids.  
According to Rudnick et al. [74], the free volume is the free space between the 
individual polymer molecules in the coating. 
Putta et al. [75] modelled this free volume as shown in Figure 2.18, where the shaded 
areas represent the free volume pockets between the typical polymer units. Lee et al. [78] 
Figure 2.18: Two-dimensional representation of available volume pockets. [75] 
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showed the distribution of this free volume in a dry epoxy moulding compound using molecular 
dynamics, visualised as shown in Figure 2.19. 
An interconnected network of interconnected free volume and small void spaces form 
microcapillaries, also referred to as microporosity by Budd et al. [76]. Gebäck et al. [73] 
Figure 2.19: Distribution of free volume (cyan color) in the dry EMC (Epoxy Molding 
Compound) system (0 wt% water content). The free volume is measured by the probe with a 1.4 Å 
radius. The EMC systems with 4 wt% and 7 wt% of water content have similar features. [78] 
Figure 2.20: Section of the film structure after transformation to a surface suitable for 
diffusion simulations, together with flux lines following the diffusive flux field through the 
film (some of them in the part of the structure not shown). The blue parts are the fluid parts and 
the structure has been made partly transparent to show the interior. The whole thickness of the 
film is shown from left to right. [73] 
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attempted to visualise these microcapillaries by imaging the epoxy moulding compound using 
confocal laser scanning microscopy. The images obtained were treated in software such as FIJI 
and MATLAB to obtain 3D images of the observed epoxy polymer. This revealed the presence 
of the fluid flux lines shown in Figure 2.20, which are supposed to be the electrolyte paths, and 
may correlate with the microcapillaries. 
The larger voids consist of ruptures (either in polymer matrix or at polymer/filler 
interface), inherent pores, and bubbles. These are also termed Maxwell inclusions by 
Hinderliter et al. [79]. Bubbles form as a result of the air entrapped in the coating during the 
curing process [80, 81], as shown in Figure 2.21. 
2.3.2.2 Mechanisms for electrolyte ingress in unstressed coatings 
The electrolyte moves through these spaces by a combination of mechanisms of 
percolation, diffusion, and ion exchange. The diffusion is said to occur by means of chemical 
bonding between the electrolyte and the polar sites on the polymer [82]; this occurs when the 
Figure 2.21: Structure of the coating (a) sketch map and (b) longitudinal section of the 
coating. [81] 
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moisture is attracted to the hydrophilic parts of the polymer molecule, and it forms a hydrogen 
bond with the polymer [83-88], as shown in Figure 2.22 [88]. 
This hydrogen bonding has been a frequent point of interest in research that often 
employs techniques such as Fourier transform infra-red spectroscopy (FTIR) [62, 84, 85, 89-
93] and nuclear magnetic resonance spectroscopy (NMR) [94-96]. A typical study of moisture 
ingress using FTIR was carried out by Ӧhman et al. [89] on an aluminium substrate coated with 
three types of polymers – transparent alkyd varnish, pigmented epoxy, and pigmented acrylic 
sealant. In situ FTIR combined with the EIS technique was utilised to track the ingress of 
moisture and ions into the coatings. FTIR results at each stage were compared to the Nyquist 
plots obtained from the EIS. The coatings were exposed to 1 M NaSCN solution, and their dry 
film thicknesses ranged from 5 μm to 50 μm. The two major peaks denoting the presence of 
Figure 2.22: Amorphous cell structure of studied epoxy system with four molecules of water 
inserted. (a) Represented by stick model (except water molecules). (b) Represented by stick and 
ball mode. [88] 
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water were 3450 cm-1 and 1650 cm-1. While the peak at 3450 cm-1 indicates the stretching 
vibrations of the water molecule (or bonded water), the 1650 cm-1 peak represents the bending 
vibrations (or free water) [85].  
Percolation mechanics is related to the movement of free water, electrolyte molecules, 
and ions through voids by capillary action, as explained in Figure 2.23. This mainly occurs 
through larger voids and microcapillaries. This movement of water and ions though the bubbles 
Figure 2.23: SEM/EDS of the coating immersed in 5 wt. % KCl solution at different 
periods. [81] 
Cl 
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was observed on a micro-scale by Dong et al. [81], who used a three-layer epoxy coating, with 
identical innermost and outermost layers and the middle layer differing only in the type of 
hardener used. This coating, applied on a steel substrate, was exposed to 5 wt. % KCl and was 
subjected to the EIS technique, supported by scanning electron microscopy (SEM), energy 
dispersive spectroscopy (EDS), and positron annihilation lifetime spectroscopy (PALS). The 
coating consisted of artificially formed bubbles, similar to those in Figure 2.21, during the 
curing process of the middle layer. As shown in Figure 2.23, the inner region of the bubble 
showed the presence of different elements, such as water, chlorine, and potassium, at different 
exposure times, pointing at the percolation of the electrolyte into the bubbles. 
Figure 2.24: A plausible picture of moisture diffusion through the nanopores of an amine-
containing epoxy resin where specific interactions between the water and the polar hydroxyls 
and amines regulate transport. [77] 
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A third type of transportation mechanism was proposed by Eltai et al. [83], who 
espoused that this transport of cations occurred by the ion exchange mechanism, where the 
hydrogen ions in the carboxyl groups of the epoxy were exchanged with the cations. The 
cations and solvated protons interact at the cation-binding sites, such as those shown in Figure 
2.24 [77], and are exchanged for H+ ions as shown in the following two reactions [97] –  
R-COOH   →    R-COO− + H+ 
R-COO− + M+    →    R-COOM 
This mechanism may be more significant in the event where an external potential is applied to 
the coated substrate, such as in the cathodic protection system. 
   
2.3.2.3 Models for electrolyte ingress in unstressed coatings 
In the literature, the tortuosity model has often been used to explain the electrolytic 
pathway formation in the coatings. It consists of two types – tortuous path model, and tortuous 
pore model. 
The tortuous pore model ascribes the difficult pathway formation to the random 
distribution of the voids and free volume in the coating [98]. As shown in Figure 2.25, two 
types of pore models are commonly available, one with microcapillaries, and the other with 
void spaces referred to as Maxwell inclusions. Hinderliter et al. [79] combined these two 
models to propose a model wherein the electrolyte moved into the coating through both 
capillaries and void spaces. The larger void spaces are filled first by capillary permeation [8]. 
On saturation of the pores, the polymer swells because of the localised hydrogen bonding, 
hygroscopic strains of the electrolyte, and the localised mechanical property degradation of the 
coating. This causes the formation of new capillary paths by connecting the voids spaces in the 
adjoining region. Then, the electrolyte moves further into the polymer. Thus, the flow of the 
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electrolyte is intermittent rather than continuous, and is comprised of accumulation, swelling, 
and further movement [8, 99].  
 
The tortuous path model states that the path taken by the electrolyte through the coating 
is affected by the presence of fillers [100]. As shown in Figure 2.26, this is reflected by a 
reduction in the coating permeability for molecular movement according to a review by 
Martinez-Hermosilla et al. [101].  
Lu et al. proposed a mathematical model to verify the experimental permeability values 
obtained by other researchers [102]. The model was then correlated to the experimental 
permeability of liquid or gas molecules in a polymer filled with silicate plates, as carried out 
by Bharadwaj et al. [103]. It was seen that the permeability of the filled polymer was lower 
than that of the unfilled polymer. This is that the electrolyte has to take a path around the fillers, 
thus increasing its path length and hence the time required for the transport through the coating 
Figure 2.25: The electrical resistivity and relative dielectric constants for the diffusion 
affected zone are modeled in three ways: first as percolation paths which act as channels to 
deliver water to the interface and advance the diffusion-affected zone. The second model 
assumes a Maxwell type two-phase system where water fills voids within the coating and 
coating stresses valve the polymer between inclusions to result in water movement. The 
third model combines inclusions, holding most of the water, with a few channels that 
connect the water inclusions. [79] 
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[104]. Moreover, the orientation of the plates along a the horizontal plane allows for more 
volume concentration of the fillers than for plates oriented randomly [102], thus making the 
electrolyte take more turns along the path to avoid the filler obstructions [105]. 
2.4 Current understanding of coating degradation under the effect of the environment 
and either mechanical stress, CP, or both 
2.4.1 Combined effects of corrosive environment and mechanical stress 
Prior to operation, a pipeline is subjected to procedures such as hydrostatic testing and 
field bending [106]. In hydrostatic testing, a pipe is filled with water at a certain pressure to 
check the limiting pressure that the pipeline can withstand [107]. Field bending is an operation 
wherein a mechanical stress is applied on the pipeline to cause deformation before being 
submerged in the field [106]. These operations may lead to structural changes in the coating, 
which has resulted in industry assessing the coating flexibility prior to coating selection [106, 
108]. A coated pipeline in operation is subject to mechanical stress due to oil and gas pressure, 
soil load, and traffic moving on the ground surface where the pipeline is buried [109]. This 
suggests that coatings on buried pipelines are under the influence of not only a soil corrosion 
environment, but also a pre-applied or a continuous mechanical stress. 
Figure 2.26: Diffusion of permeant through barrier dispersion coatings: (a) without fillers; 
(b) with fillers. [101] 
73 | P a g e  
 
Such a mechanical stress may affect the void spaces in the polymer coatings described 
in Section 2.3.2. The influence of mechanical stress on the free volume in a coating was 
modelled mathematically by Fahmy et al. [110]. According to Fahmy et al. [110], there is an 
increase in the free volume in the coating increases with increasing applied stress. Equation 1 
shows the relation between the applied stress, elastic modulus, and free volume -  
                                                     Vfσ = Vf0 [1+ σ(1+ν)/2E]……………….(1) 
          where,    Vfσ = free volume at stress σ 
                         Vf0 = free volume at zero stress 
                          ν   = Poissons’s ratio    
                          E  = Young’s modulus 
The effect of this free volume changes on coating degradation was assessed in the works 
carried out using the EIS technique with the bending technique [59-61, 111, 112] and cyclic 
loading [58], two of the mechanical deformation methods described in Section 2.2.2. In a 
typical attempt by Fredj et al. [60], two paints were selected: a self-priming, two-component, 
high-build, epoxy-polyamide/amine paint, referred to as coating A (film thickness 
approximately 180 ± 20 μm); and a solvent-free, two-component, high-build, polyamine-cured 
epoxy paint, referred to as coating B (film thickness approximately 320 ± 20 μm), and were 
coated on 0.8 mm thick steel plates of  grade SAE1008/1010, R type. An initial analysis was 
performed on coating films to measure the viscoelastic domain of the two polymers, which 
were 2.5 MPa to 12.5 MPa for coating A, and 2 MPa to 3.3 MPa for coating B. Two bending 
stresses of the same magnitude, one in compression and the other in tension, were applied to 
the coated samples. First, the bending level was determined by applying a 3 MPa stress on a 
different coated panel on a tensile testing machine. Then, the same level of bending was 
induced in the samples by attaching them between two supports linked by two threaded rods in 
the setup shown in Figure 2.16 in Section 2.2.2. 
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EIS measurements were performed to calculate the coating capacitance and coating 
resistance values, by attaching curved PVC tubes of 5 cm diameter to the bent samples. These 
measurements were also performed on unstressed samples as a reference, using a flat edged 
PVS tube of 5 cm diameter. To understand the time required for degradation, tests were 
conducted in natural seawater and in an artificial environment of 3% NaCl with a cyclic change 
in temperature (from 21°C to 45°C). The plots shown here are for natural sea water. 
The Bode graphs in Figure 2.27 show that in the elastic region, the tensile mode had a 
greater effect on the coating. The compression mode exhibits almost the same trend as the 
unstressed samples. With respect to time, owing to the ingress of the electrolyte, the coating 
capacitance Cf (Figure 2.28) showed a steady increase for both the stressed and unstressed 
samples, but was the maximum in the tensile mode. Similarly, for the tensile mode, the coating 
resistance Rf was seen to decrease the most with respect to time compared to the unstressed 
and compressive mode (Figure 2.29).  
This phenomenon was observed in both the natural water and artificial environment 
tests and is indicative of the damaging nature of both environments. These trends were more 
prominent for coating A than for coating B. This resistance to damage of coating B was 
attributed to the different nature of the polymer filler in coating B. According to the authors, 
the main explanation for the damage observed in the coatings in the tensile mode is the increase 
in the free volume of the coating due to the stretching and reorganisation of the polymer chains. 
Additional free volume may also have formed owing to a loss of adhesion between the polymer 
and filler material. This is an important point to note as the present thesis studies coatings with 
fillers. This increase in volume is said to promote the ingress of water in the spaces between 
the polymer chains, thus enhancing the degradation in the elastic stresses. 
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Figure 2.27: EIS data for coatings A and B after 66 immersion days in natural seawater in 
stressed (tensile and compressed) and unstressed modes. [60] 
76 | P a g e  
 
 
Figure 2.28: Film capacitance Cf evolution with immersion time for both coatings in natural 
seawater in stressed (tensile and compressed) and unstressed modes. [60] 
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Furthermore, the focus of such research has been on high plastic strains. A typical 
example is a study by Bastos et al. [49] wherein EIS measurements were performed on 
polyester coated steel samples with a coating thickness of 20 μm. The samples were strained 
to elongation values of 9%, 11%, 16%, 19%, and 23%. These high strains were calculated 
based on the initial and final distances between the gauge markings on the coating, as shown 
Figure 2.29: Film resistance Rf evolution with immersion time for both coatings in natural 
seawater in stressed (tensile and compressed) and unstressed modes. [60] 
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in Figure 2.13 in Section 2.2.2. There was a continuous increase in the roughness of the 
coatings. According to the authors, visible defects in the coating were observed only in samples 
strained to the point of rupture. At 23% strain, the exposure to the corrosive medium (5 wt. % 
NaCl) was said to cause defects and holes in the coating because of the dissolution of pigment 
particles. The increasing values of the high strains led to a decrease in the coating resistance in 
the EIS study conducted on the coatings, as shown in Figure 2.30. The coating resistance also 
reduced with increasing exposure time. 
This observation indicates the degrading impact of the applied mechanical strain, also 
observed by several other studies with similar high plastic strains [46, 57]. Hence, it remains 
to be determined in this research if the low plastic strains have a similar degrading influence. 
2.4.2 Combined effects of corrosive environment and CP 
Although the chief function of cathodic protection is to prevent corrosion, there have 
been attempts to gain insights into the damage it can cause to intact coatings [97, 113]. 
Figure 2.30: Film resistance evolution with time of immersion for uniaxially strained 
samples. Degrees of elongation from 0 to 23%, as indicated in the figures. [49] 
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The degradation of an intact coating with no artificial flaws was carried out by Eltai et 
al. [97, 113] in a study on the effect of cathodic protection on a coating system of an amine-
based hardener, and a clear epoxy top resin. The substrate used for the coating system was a 
mild steel panel of thickness 0.12 cm. The average coating thickness was 50 ± 10 μm. These 
coated panels were subjected to three potentials in the following three environments – 1) 0.6 
M NaCl [97, 113], 2) 0.6 M KCl [97], and 3) 0.6 M CaCl2 [97]. The three potentials used were 
open circuit potential, -0.78 V vs saturated calomel electrode (SCE), and -1.1 V vs SCE. The 
typical results in NaCl are described further. 
In the corrosive medium of 0.6 M NaCl, the CP potentials (Figure 2.31) were applied 
on the third day of immersion, and it was found that there was a rapid increase in the coating 
capacitance until day 5, that is, shortly after the application of a potential. Moreover, it was 
observed that the rate of this increase was in the order of open circuit potential < -0.78 V vs 
SCE < -1.1 V vs SCE [97, 113]. This was accompanied by a corresponding decrease in the 
coating resistance, as shown in Figure 2.32. 
Figure 2.31: Time dependence for coating capacitance of epoxy coated specimens immersed 
in 0.6 M NaCl solution without cathodic protection (CP), and with CP at −0.78 V and−1.1 V. 
[97] 
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The higher applied potential was said to have caused electroosmosis in the coating, 
leading to increased water ingress. However, no further explanation of the phenomenon has 
been given. A similar trend was seen for the remaining electrolyte systems of 0.6 M KCl and 
0.6 M CaCl2. One reason given for this phenomenon is the increase in the ion exchange 
reaction, which involves the exchange of hydrogen in the carboxyl groups in the coating 
polymer with K+ and Na+ ions [97]. 
This damage is attributed to the role of electroosmosis in the ingress of water into the 
coating. It was found that the uptake of both water and the cations may occur as a result of 
electroosmosis induced by the applied potential [114, 115]. The ion exchange mechanism 
mentioned in Section 2.3.2.2 may be the prominent mechanism in this case. As given by Funke 
[116], the equation that governs this phenomenon is the Helmholtz-Smoluchowski equation for 
electroosmotic permeability Di (cm.coulomb-1), as follows: 
Di = eζ/4πηκ               
where e = dielectricity constant 
Figure 2.32: Time dependence for coating resistance of epoxy coated specimens immersed in 
0.6 M NaCl solution without cathodic protection (CP), and with CP at −0.78 V and −1.1 V. [97] 
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           ζ = Zeta potential 
           η = viscosity 
           κ = specific conductivity 
This equation is applicable to the transport of water through the coating. 
According to Kittleberger et al. [115], the volume of water absorbed is directly 
proportional to the current flowing through the coating as a result of the applied potential; this 
phenomenon is also called electroendoosmosis. This equation is given by 
V=DPI/4πηK    
where V = volume of water transported by electroendoosmosis 
           D = dielectric constant of the electrolyte 
           P = potential of electric double layer 
           I = current 
           K = specific conductance of liquid 
           Η = viscosity of electrolyte 
However, this transport of water is not the direct transport of water alone. In fact, it is 
the transport of cations that have a surrounding shell formed by water molecules. Thus, the 
applied potential promotes the ingress of hydrated cations into the coating and they take water 
with them. Kittleberger et al. [117] were able to determine the relationship between the 
diffusion rate of the sodium ions and the relative potential gradient across a coating membrane. 
However, the potential difference developed as a result of only the concentration gradient on 
the two sides of the coating membrane was considered. A relationship between the membrane 
resistance and the diffusion rates of sodium ions was obtained, as follows:  
dQ/dt = k. (Ec+2 – Em2)/ Ec+ Rm 
                                where    dQ/dt = rate of salt diffusion 
                                              k = numerical constant 
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                                              Ec+ = solution concentration potential 
                                             Em = membrane concentration potential 
                                             Rm = membrane resistance 
This equation could probably be used in future work to determine the relationship 
between the proportion of the sodium ions at the metal surface and the applied potential. 
A further interpretation of this phenomenon is that the water molecules are subjected to 
viscous drag due to the movement of the sodium ions [118]. According to Paterson [119], the 
attraction of the dipole formed between the water and ions causes the resultant movement of 
the water when the ions move under the influence of an applied potential. The ion exchange 
mechanism mentioned in Section 2.3.2.2 may be enhanced by the applied potential, as the 
related mechanisms will be accelerated owing to the transport of more hydrated cations into 
the coating. 
Nguyen et al. [120] proposed a second mechanism for the electroosmosis phenomenon. 
In this mechanism, the sodium ions are transported through the pathways set up in the coating 
as a result of the initial water uptake caused by osmosis alone. Anodic reactions occur at the 
base of such pathways, setting up potential gradients that cause the sodium ions to flow from 
these areas to the peripheral cathodic areas of the pathways. At these peripheral areas, the 
sodium ions form NaOH products, and set up a difference in the water activity. This difference 
leads to an osmotic flow of water into the coating. It is obvious that the water transported will 
bring with it additional sodium ions, thus promoting the process. Moreover, a mathematical 
model has been proposed to quantify the transport of the sodium ions by Nguyen et al. [120]. 
However, the potential gradient considered is between the anodic and the cathodic areas, rather 
than the applied potential, and the model is based on a coating with an artificial defect. In spite 
of this, there was a relation between the increase in the applied potential and the concentration 
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of the sodium ions inside a blister. However, as the study was conducted on a blister primarily, 
it can probably be used only qualitatively in the present work. 
2.4.3 Combined effects of corrosive environment, mechanical stress, and CP 
Sections 2.4.1 and 2.4.2 deal with the effects of the mechanical stress and cathodic 
protection, respectively, on a coating in a corrosive environment. Hence, it is pertinent to 
determine the additional influence of cathodic protection on a congruence of the degrading 
factors of environment and tensile stress; there is likely to be an enhanced coating failure. 
An examination of this simultaneous influence on intact coatings was carried out 
recently by Yang et al. [111]. A Q235 steel plate was coated with marine coatings. Two coating 
systems were selected, wherein coating A comprised a polyamine-cured epoxy (42 – 48 μm 
each for two layers) with a top coat of aliphatic polyurethane (28 – 32 μm). Coating B had 
identical epoxy base layers, but the top coat was acrylic polyurethane, and the coating 
thicknesses were identical to those of coating A. The coated plates were subjected to bending 
stresses in the elastic range from 40 MPa to 200 MPa. The EIS technique was used to gauge 
the variation in impedance when these coatings were subjected to a cathodic protection by 
attaching sacrificial anodes of zinc and magnesium to obtain the respective potentials of -0.95 
and -1.47 V vs saturated Ag/AgCl. The coatings were exposed to artificial seawater. 
The researchers found that, while the individual factors of mechanical stress and 
cathodic protection had a degrading impact on the coating impedance, their concomitant impact 
depended on the dominance of either of the two factors. However, this dominance varied with 
different combinations of applied potential and mechanical stress. 
The remaining research on the combined effect of these factors does not focus on intact 
coatings, but on cathodic delamination, which is not within the scope of this thesis. 
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2.5 Summary 
While significant work has been conducted on the separate and combined effects of 
environmental exposure, mechanical stress, and cathodic protection on coating degradation, 
the following gaps in the research remain. 
1. As mentioned in Section 2.2.2, there are shortcomings in the instruments 
available for mechanical deformation, which make it necessary to design a 
manually controlled and easily available laboratory scale setup for the 
application of mechanical strain such that there is a provision of continuous 
monitoring of the applied strain while coating degradation is monitored 
electrochemically in situ. 
2. It is known that the combination of mechanical strain and a corrosive 
environment leads to higher rates of coating degradation; however, the focus 
has been on elastic and high plastic strains. Studies on the effect of low plastic 
strains on coating degradation are limited. 
3. Coating degradation is said to occur by means of electrolytic ingress through 
pathways in the coating. These pathways are more often in the realm of 
hypothesis rather than experimental observation. 
4. The models that describe the pathway formation and coating degradation are 
available only for unstressed coatings. Moreover, they are either pore models 
that address defects or path models that address fillers. There is no model for 
a combination of mechanical strain and environment for a coating with both 
pores and fillers. 
5. It is known that excessive cathodic protection can lead to coating failure, such 
as disbondment of coatings with defects; however, research on the effect of 
cathodic protection has been focussed mainly on unstrained, unpigmented 
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coatings. The work on a strained coatings is limited to the elastic strain region. 
The influence of both strained and unstrained coatings in the low plastic strain 
region is a field yet unexplored. 
Therefore, the research for the present thesis has been designed to address these 
knowledge gaps. Hence, the experimentation methodologies and the data analysis techniques 
have been chosen to enable the results to contribute significantly to the existing knowledge, as 
well as to provide a base for newer visions and pathways to further exploration. 
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Chapter 3 Experimental Procedures and Methodology 
This chapter details the various experimental methods and procedures developed and 
followed to gather the data in the present study.  
3.1 Materials and sample preparation 
3.1.1 Steel substrate sample preparation 
The focus of this work is the influence of various parameters on pipeline coatings under 
simulated pipeline corrosion conditions. Hence, C450 grade mild steel, similar in mechanical 
properties to pipeline steels, was selected as the substrate material for coatings. The nominal 
composition of the steel as given in AS/NZS 3678:2016 [1] is shown in Table. 3.1. 
Table. 3.1: Chemical composition of C450 steel given by AS/NZS 3678:2016. [1] 
Element % 
Carbon (C)  0.22 
Silicon (Si)  Minimum — 
Maximum 0.55 
Manganese (Mn)  1.80 
Phosphorus (P)  0.040 
Sulphur (S)  0.030 
Chromium (Cr) (Max) Minimum — 
Maximum 0.25 
Nickel (Ni)  0.50 
Copper (Cu) Minimum — 
Maximum 0.60 
Molybdenum (Mo)  0.35 
Aluminium (Al)  0.100 
Titanium (Ti)  0.040 
Micro-alloying elements: Vanadium Maximum 0.10 
Micro-alloying elements: Niobium Maximum 0.06 
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Micro-alloying elements: Niobium plus 
vanadium plus titanium 
Maximum 
0.15 
Carbon equivalent (CE)  0.48 
 
C450 was obtained in the form of a 1.6 mm thick rectangular hollow section. The four 
sides of the section were separated by cutting along the vertices using a vertical band saw. The 
individual plates obtained were then cut into rectangular strips of approximately 2.5 cm in 
width, which were then subjected to further cutting on a milling machine to prepare tensile 
dogbone shaped samples, shown in Figure 3.1, according to the ASTM E8 standard [2]. Two 
holes were drilled at the two ends of the samples to enable them to be installed in the new 
laboratory setup shown in Figure 3.3. 
A second type of tensile dogbone samples of a smaller size, shown in Figure 3.2, was 
manufactured using a similar procedure. This type of samples was used for tensile testing in 
the in situ SEM, detailed in Section 3.4.1. The sample was modified to fit in the holder for the 
Figure 3.1: Schematic and dimensions of typical dogbone sample installed in laboratory scale 
setup. Dimensions similar to those recommended in ASTM E8. [2]  
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in situ analysis. Rectangular plates were used for the samples not subjected to tensile 
elongation. 
3.1.2 Coating sample preparation 
The coating chosen for this work was a two-part Denso Protal 7200 industrial grade 
high build epoxy used in the pipeline industry. It is an amine-cured epoxy comprising major 
fillers of calcium carbonate (15-40%) and talc (15-40%). It also consists of other fillers in small 
amounts, such as organophilic clay (1-5%), silicon dioxide (0.5-1.5%), and titanium oxide (1-
5%); the components are given in Table. 3.2 [3]. 
Table. 3.2: Detailed composition of high build epoxy coating as given in the material safety 
data sheet. [3] 
Resin  Hardener 
Ingredients %  Ingredients % 
Epoxy Resin 15-40  N-Aminoethvlpiperazine 40-70 
Calcium Carbonate 15-40  Epoxy Novolac Resin 15-40 
Talc 15-40  Nonyl Phenol 10-30 
Bisphenol F Epoxy 10-30  Amino Silane 3-7 
Aliphatic Glycidyl Ether 3-7  Bisphenol "A" 3-7 
Organophillic Clay 1-5  Polyfunctional Aziridine 3-7 
Titanium Dioxide 1-5    
Phenyl Carbinol 1-5    
Figure 3.2: Schematic and dimensions of typical smaller dogbone sample installed in in situ 
tensile testing in SEM chamber. Dimensions similar to those recommended in ASTM E8. [2]  
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Fumed Silica 0.5-1.5    
Organophilic Clay 0.5-1.5    
Propylene Carbonate 0.5-1.5    
 
The resin and the hardener of the coating were mixed in a ratio of 3:1 by volume. The 
steel substrate was sand blasted, and then cleaned using acetone. Then, the coating mixture was 
applied to the steel plates using a Sheen drawdown applicator. In the applicator, the thickness 
gauge was adjusted to the required value. An excess of coating mixture was put on the substrate 
and the applicator was pulled over the surface. The substrate was covered with the required 
thickness of coating. An average dry film thickness of 230 μm was selected for all of the 
experiments. 
3.1.3 Preparation procedures of electrolyte solutions and electrodes 
The electrolyte used for the purpose of this study was 0.6 g/l sodium chloride solution, 
to obtain a high resistivity of 1000 ohm.cm. This resistivity was chosen to simulate an aqueous 
environment similar to that of a sandy soil with a relatively high corrosivity [4, 5]. A titanium 
mesh was used as the counter electrode. The saturated Ag/AgCl reference electrode was filled 
with a solution of saturated potassium chloride solution (KCl). 
3.2 Experimental methodologies and their enhancements 
3.2.1 Experimental setup and procedures 
The novel self-designed setup in this research work, shown in Figure 3.3, was used to 
carry out simultaneous mechanical straining and exposure to corrosive media at OCP.  The 
brain-storming process of the design and development of this setup is described in Chapter 4. 
The general procedure followed is described subsequently. 
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The coated substrate was installed in the laboratory setup, and an electrochemical flat 
cell was attached to the coating firmly. It was filled with the electrolyte, such that the central 
portion of the coated side of the sample was exposed to the electrolyte. The flat cell was filled 
with a 0.6 g/l sodium chloride solution. A reference electrode of saturated Ag/AgCl and a 
counter electrode of titanium mesh were used to form a three electrode electrochemical cell. 
 
3.2.2 Electrochemical impedance spectroscopy (EIS) 
The electrochemical properties of a coating are quantified using parameters such as 
impedance, coating resistance, and coating capacitance. One of the common ways of measuring 
Figure 3.3: Complete setup of the tensile testing rig in combination with the flat cell; where (a) 
tensile testing rig; (b) screw; (c) upper clamp; (d) lower clamp; (e) coated sample as working 
electrode (red wire); (f) flat cell filled with electrolyte; (g) reference electrode (black wire); (h) 
counter electrode (blue wire); and (i) potentiostat, where V = voltmeter, A = ammeter, and R = 
rheostat.  
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these parameters is EIS. The theory of this technique is explained in the literature review in 
Section 2.2.1. EIS for the coatings under investigation has been carried out over a frequency 
range of 100 kHz to 50 mHz, although this range was extended to a range of 500 kHz to 10 
mHz in some cases, as described in Sections 4.3.2.1 and 4.3.2.2. This broad range is selected 
to yield sufficient information for the electrochemical system of the coating.  The voltage 
perturbation applied was 15 mV in amplitude (approximately 10.61 mV root mean square (rms) 
value). The measurements were carried out on Biologic VMP multichannel potentiostat, and 
the data was further analysed using the EC – Lab software to obtain the parameters of coating 
resistance and coating capacitance. 
In all of the experiments, at least three samples were used for each value of applied 
strain. The coating resistance and coating capacitance results were calculated. The average 
value for each of the individual sets of triplicates was calculated, along with the standard error. 
The error bars are shown in the plots of the results. 
3.3 Coating characterisation methods 
3.3.1 Scanning electron microscopy (SEM) 
3.3.1.1 Ex situ SEM observation 
Ex situ SEM was carried out on samples subjected to mechanical straining from 1% to 
4% on the novel laboratory setup constructed for this study, as well as on unstressed samples 
for comparison. After loading to the desired strain levels, the samples were removed from the 
setup and cross-sectioned on an Accutom cutter. Then, they were polished using 1200 grit sand 
paper, followed by polishing using the Micro-Mesh® polishing pads of grades 1500, 1800, 
2400, 3200, 3600, 4000, 6000, 8000, and 12000. The final polishing was performed using 
diamond suspensions. They were subsequently cleaned and coated with a thin gold layer of 2 
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nm using a Leica ACE600 high vacuum coater. Then, the pieces were viewed under a Joel 
Neoscope benchtop scanning electron microscope. The principle of the benchtop SEM is same 
as that of the traditional SEM, where the only difference is that in the benchtop version, the 
sample is unable to move along the Z axis. In both the cases, the sample surface is bombarded 
with electron beams of specified voltages, and the secondary electrons emitted by the surface 
are detected to obtain an image. The coating surface was not polished like the coating cross-
section to preserve the morphology, but was given a thin top layer of gold of 18 nm prior to 
observation. 
 
3.3.1.2 In situ SEM observation of coating under tensile testing 
The in situ tensile testing of a small coated substrate was carried out inside the SEM 
chamber in a setup that differed from the laboratory scale setup, to determine the changes in 
the coating surface morphology as the sample was loaded while under observation. To do this, 
a 5 kN tensile stage by Kammrath & Weiss GmbH, shown in Figure 3.4, was fitted onto the 
stage of a Zeiss Supra 55VP FEG SEM [6].  
 
Figure 3.4: Tensile / Compression Module for in situ tensile straining of samples in 
SEM chamber. [6] 
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The samples were given a carbon coating (2 nm thick) using the Leica ACE600 high 
vacuum coater, prior to installation in the SEM. They were then installed in the stage, and a 
tensile test was carried out at a strain rate of 1 μm/s. The loading was interrupted at various 
levels and the surface was scanned to obtain images of the defects formed at those levels. 
3.3.2 Optical microscopy 
Optical microscopy was used to view the samples strained on the new laboratory setup 
to strains of 1% to 4%. This was useful in observing the surface changes due to the applied 
strain. 
The optical images underwent image analysis to assess the proportion of the surface 
features. The analysis for the optical micrographs of the coating was conducted using the free 
source software ImageJ, to measure the variations in the features observed on the coating 
surface. The scale of all of the micrographs was converted from pixel to μm. For the purpose 
of analysis, sample areas of 1200 x 1200 μm2 were selected randomly, taking into account the 
distribution of the features on the surface. For each strain level, four different samples were 
chosen, and from each sample, four different areas in the micrograph were selected. Overall, 
16 areas per strain level were analysed to obtain an overall picture of the distribution of the 
morphological features. 
For the purpose of analysis, the micrograph was cropped to the required area, and was 
converted to an 8-bit image. The brightness - contrast levels were adjusted to brighten the 
desired features. The “Threshold” option for the image was used to make the features appear 
dark on a white background. Then, they were measured using the “Analyse Particles” option, 
where the minimum area of the measured particle was restricted to 100 μm2. The circularity of 
the particles was kept in the range of 0 to 0.6, so as to focus on the elongated features. The 
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count of the particles, average area, and percentage area covered were considered for the 
purpose of comparison. An average and standard error was calculated for each set of data. 
3.3.3 Contact angle measurement 
Samples at strains of 1% to 3.5% were subjected to contact angle measurement analysis. 
A drop volume of 3 μl of a solution of distilled water was used. The measurement was carried 
out on a KSV Contact Angle and Surface Tension Meter. The contact angle was measured for 
three samples per strain, with two measurements taken for each sample at different points on 
the sample to account for the variation in distribution of the surface defects. The unstrained 
sample was subjected to the same procedure and the results were compared to those of the 
strained samples. Again, the average and standard error were calculated. 
3.3.4 Optical profilometry 
The optical profilometry for the unstrained and strained samples was carried out on an 
Alicona Infinite Focus, a 3D optical surface profilometer. The magnifications used for the 
analysis were 50X and 100X, depending on the ease of obtaining the profiles of the features. 
The surfaces were flattened using the automatic cylindrical smoothening option. The colour 
bars were adjusted so that the depths for the profiles were approximately in the range of +2 to 
-3 μm. The analysis was limited to visualising the depth of the features observed on the surface. 
3.4 X-ray computed tomography 
The advanced technique of computed tomography was employed to provide further 
details of the coating structure and its changes when exposed to mechanical strain and corrosive 
electrolyte. While the samples were prepared, tested, and provided by the author of this thesis, 
the X-ray absorption technique and the primary data analysis was carried out by collaborators. 
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However, the further analysis required to make the analysis relevant for the thesis was carried 
out by the author of the thesis.  
Pieces of coating from the unstressed sample and the sample strained to 2.5% were 
collected and subjected to X-ray absorption spectroscopy. The spectroscopy was carried out in 
Shanghai Synchrotron Radiation Facility (SSRF). A BL13W imaging beamline with double-
crystal monochromators was used. The X-rays were at 15.5 keV, with a duration of 2 s for the 
acquisition of each of the 900 projections. The effective pixel size was 740 nm. The slices were 
further reconstructed using the X-TRACT software, where the background correction was 
carried out using flat-field and dark-current images; these images were reconstructed using the 
filtered back-projection of the parallel X-ray beam after Paganin’s phase retrieval. The data 
constrained modelling (DCM) software, developed by CSIRO (Clayton, Australia), was then 
employed to visualise the components of the structure, such as the organics, inorganics, and 
voids. 
3.5 Finite element analysis (FEA) 
The method of finite element analysis has been adopted in an attempt to trace the von 
Mises and shear strain distributions in the simulated coating under load. ANSYS version 16.2 
is a software that is capable of simulating applied loads and strains in a variety of modes, 
including tension and bending. The software can model systems in both two- and three-
dimensions. It contains a library of materials such as non-metallic, metallic, gaseous, and 
magnetic. This library contains the physical and chemical properties of the materials, and can 
be used to assign the materials to the models as is applicable to the system studied. It consists 
of a number of modules such as fluid flow, rigid dynamics, steady-state thermal, and thermal-
electric. 
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This software was used to simulate a metal with a coating. The module employed for 
the analysis was “Static Structural”. The connection between the metal and coating was kept 
as “Bonded”. The sizing for the mesh for the structure was based on the advance size function 
for “Proximity and Curvature”, with a medium relevance centre. A medium smoothing option 
was selected with a fast transition option. In the analysis setup, while one side of the length of 
the structure was constricted using the fixed support option, a frictionless support option was 
applied to the bottom of the metal structure. The displacement was applied to side of the 
structure opposite to that with the fixed support. The analysis was obtained in terms of von 
Mises strain, von Mises stress, shear stain, and shear stress. 
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Chapter 4 A new approach to evaluating coating 
degradation under combined mechanical and 
environmental effects 
The literature review reported in Chapter 2 highlighted a number of research gaps in 
the methodology, as well as in the understanding of coating degradation under the combined 
and individual effects of mechanical strain, environment, and CP. The past research was unable 
to adequately address two main issues, namely the evolution of the surface and through-
thickness mechanical defects in the coating, and the model for electrolyte ingress in the 
presence of both mechanical strain and environment. Moreover, the coating degradation 
occurring at the low plastic strain range of 1% - 4% is yet to be analysed quantitatively in terms 
of changes in the coating electrochemical properties under environmental exposure. 
Additionally, the impedance characteristics of a mechanically degraded coating under an 
applied CP has also not been studied to a significant extent. 
To fill these gaps, a new method has to be designed, wherein the foremost aspect has to 
be a mechanical deformation instrument with an ease of accessibility and availability. This is 
not possible in the case of a workshop based tensile machine that is limited by its size, 
complexity of setup, and availability, as mentioned in Section 2.2.2 [1-7]. 
Further, to accelerate the analysis, the worst-case scenario for coating degradation is 
required. This occurs in case of tensile stress, as Fredj et al. [2, 3] described in Section 2.4, and 
hence the required instrument should be capable of carrying out tensile elongation, as well as 
simultaneous strain measurement, a property not observed in the other setups, as mentioned in 
Section 2.2.2. 
The laboratory based tensile straining instrument described was used in the study by 
Klüppel et al. [4]. However, the sample installation direction was horizontal and required 
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specialised sample preparation techniques, which adds to the total testing time. Hence, the new 
instrument needs to be compatible with the standard ASTM samples. 
Finally, the study of the combined effects of mechanical strain and corrosive 
environment means that there should be a simple way to expose the coating to the medium. In 
the past, the exposure testing has been carried out using polyvinyl chloride tubes or specially 
designed miniature tubes, both of which require time for sealing and curing [1-7], delaying the 
start of the exposure. Hence, the new setup has to simplify the exposure method and enable 
immediate exposure of the coating to the medium. 
These requirements have been taken into consideration in the design of a new setup that 
allows for the simultaneous exposure of a coating to mechanical strain, environment, and CP. 
4.1 Considerations for developing a new laboratory research setup 
The design of a new testing assembly takes two major aspects - mechanical straining 
and electrochemical measurement - into consideration. The mechanical aspect requires the 
application and simultaneous monitoring of mechanical strain. Although a workshop based 
tensile testing machine can be used to impose such a strain on a coated sample, a full scale 
machine is not suitable if it requires long-term and multiple tests to be conducted 
simultaneously, as mentioned in Chapter 2 Section 2.2.2. The literature in Section 2.2.2 
describes two types of small-scale testing setups, where one setup is for horizontal tensile 
straining [4, 8], and the other for the application of a bending stress [2, 3, 6]. However, real 
time monitoring of the strain has not been performed. For this reason, in one prior setup the 
applied strain was only estimated based on the curvature of the sample corresponding to the 
bending stress of interest [2, 3, 6], as specified in the shortcomings in Section 2.2.2. Hence, in 
the present work, the mechanical part of the assembly has been designed to obtain and monitor 
controlled mechanical strain. 
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The first consideration for the construction of a new testing rig was that it should be 
able to strain the sample uniaxially, and there should be provision to maintain a constant strain 
or vary the strain as required. From this point of view, as shown in Chapter 3 Figure 3.1, a 
setup that is similar to the vertical tensile testing equipment, but at a smaller scale, has been 
constructed. This consists of a main rectangular frame with a stationary clamp at its bottom 
end (Figure 3.1 (d)). The upper clamp (Figure 3.1 (c)) is attached to a screw (Figure 3.1 (b)) 
inserted from the top edge of the frame. The dogbone sample (Figure 3.1 (e)) is held by the 
upper and lower clamps. To enhance the clamping action, two extra bolts are inserted on the 
two sides of the main holder bolt, in the centre of each clamp. The clockwise turning of the 
screw leads to an upward movement of the upper clamp. The resulting vertical movement of 
the upper clamp is instrumental in carrying out the tensile extension of the dogbone steel 
sample. 
A two-wire single strain gauge was attached to the back of the metal substrate close to 
the area of exposure to monitor the induced strain. The data acquisition system Quantum X 
MX1615B (Company: HBM Test and Measurement) acquired the strain data and the HBM 
Catman Easy software was used for the strain data processing. 
The second consideration for the construction of a new testing rig was that it should be 
able to simulate the electrochemical corrosion environment of a buried pipeline. As shown in 
Figure 3.1 (f), an electrochemical flat cell enables exposure of the coating to the environment 
and the application of CP potential and EIS measurements. In the presence of an electrolytic 
medium, the EIS technique is able to analyse the coating degradation. For this purpose, a 
standard flat cell (Princeton Applied Research - Model K0235 Flat Cell) was employed. The 
flat cell is filled with electrolyte (Figure 3.1 (f)), forming the medium of the environment to 
which the coating is exposed, which is used to apply a CP potential and assess the 
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electrochemical properties using EIS. Conical rubber washers were used to seal the flat cell to 
prevent leakage of the liquid. 
4.2 Calibration of the setup by mechanical straining of coated samples in air  
As mentioned in the literature review in Section 2.2.2, previous setups did not allow for 
simultaneous measurement of the applied strain. Moreover, they did not allow for the 
intermittent straining of a single sample, but depended on straining to a predetermined 
stress/strain in situ or ex situ. This property is required when there is a need to observe the 
sequential changes in the coating surface structure to gauge the extent of the damage. Further, 
this property is necessary when studying the effect of increasing strain on the coating 
impedance of the same sample, such as that mentioned under CP in Chapter 5 Section 5.2. Such 
a feature with a provision for simultaneous strain measurement is not possible for the setups 
described in Section 2.2.2. 
However, the newly developed setup shown in Figure 3.1 in Chapter 3, has this feature. 
Figure 4.1 illustrates the stability of the setup at a particular mechancial strain and at increasing 
strain in sample. Such an in situ measurement of the applied strain has seldom been carried out 
for a tensile elongation. It should be noted that the steel sample chosen has a similar strength 
to that of actual pipeline steels. Hence, it is crucial to mention that the combination of the 
ASTM standard sample size and the new setup is capable of reaching high plastic strain as 
efficiently as remaining at low plastic strains, which form the focus of the thesis work. 
This makes it possible to observe the crack evolution in the coating in the same sample 
without removing the sample and observing the surface separately. For this reason, a coated 
sample was initially tested in air to observe the evolution of the coating surface with increasing 
applied strain. The coated sample was installed between the two clamps of the setup as shown 
in Figure 3.1. The strain was increased until cracks in the coating were visible to the naked eye. 
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Then, the strain measurement was stopped, and the sample was removed from the tensile rig. 
The visual images were captured at each stage of strain to show the evolution of the coating 
morphology. 
Figures 4.2 and 4.3 show the visual images of the real time condition of the coating 
surface, as the strain on the coated sample is increased. For such images to be obtained on 
workshop tensile machine requires intricate programming of the test to stop the test at the 
required stages. This requires that the strains are known prior to the setting up of the 
experiment. However, this laboratory scale setup enabled a slow manual straining and 
simultaneous observation of the surface, such that the straining can be stopped at any point in 
time that is deemed important. This eliminates the need to know all of the parameters 
beforehand and they can be adjusted as required for different coating types.  
The images show an evolution of the coating morphology from an intact coating to a 
completely cracked coating. The coating does not undergo a visible change as the strain is 
increased from 0% to 1% (Figure 4.2). It remains relatively intact with no significant changes 
that can be observed visually. As the strain is increased to 2%, traces of bright shear bands are 
Figure 4.1: A typical strain measurement illustrating the stability of the setup at a particular 
strain, as well as the capability to increase the strain for a single sample. 
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observed on the coating surface. These shear bands are perpendicular to the direction of the 
applied load. On progressing to 3% and 5% strains (Figure 4.3), the shear bands increase 
considerably in size. The density of the shear bands does not appear to change substantially for 
a higher strain of 6%. However, tiny microcracks can be detected visually on the surface. 
 
These shear bands have been observed mainly on the already fractured surfaces, such 
as in the study by Morgan et al. [9, 10] mentioned in Section 2.4, leading to the supposition 
that they may play a role in the cracking of the coating. In the case of coil coatings and 
polyethylene tapes, Bastos et al. [1] and Zhang et al. [11] observed a small amount of 
roughening and shear banding, respectively; however, they were observed for very high strains 
Figure 4.2: Visual images of coating strained in air to various strain levels. A magnified 
image for image (c) has been shown alongside. Typical microcracks are indicated by black 
arrows. Loading direction is perpendicular to the cracks and shear bands. 
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from 5% to 23%, and in an ex situ condition. Recently, a study carried out by Wu et al. [12] on 
the straining of epoxy coated samples on the workshop based tensile machine revealed high 
strain regions developing into bands, but did not mention the shear bands observed here. 
Moreover, in an experiment carried out on bending stresses by Tan et al. [13], there was shear 
banding observed on the tensile convex surface of the coating when the coatings were strained 
to the point of cracking. Hence, this setup helps to reveal the very early stages prior to visible 
crack formation as a result of its capability of manual control and the ability to stop at any 
required strain, without the need for complicated electronics as in the workshop based setup. 
1mm 
1mm 
(d) 3% strain (e) 5% strain 
(f) 6% strain 
Bright 
horizontal 
shear 
bands 
 
1mm 
Figure 4.3: Visual images of coating strained in air to various strain levels. Typical 
microcracks are indicated by black arrows. Loading direction is perpendicular to the 
cracks and shear bands. 
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4.3 Evaluating the capability of the new setup to assess coating property changes due 
to mechanical straining in concurrence with electrochemical impedance spectroscopy 
Section 2.2.1 in Chapter 2 discusses the importance of the EIS technique in the analysis 
of coating degradation. Section 2.4 also shows how this technique has been used in 
combination with mechanically strained samples. However, as mentioned in Sections 3.1 and 
4.2, there are issues related to the installation of the electrochemical cells used in that study. 
Further, it is important to note the required reproducibility of the setup to yield scientifically 
significant results in the EIS measurements at the same strain levels for it to be used for long-
term exposures. Additionally, the literature has focussed primarily on relatively thin coatings 
(Section 2.4). Hence, it is also necessary for this setup to be capable of analysing thicker 
coatings such as those used in the pipeline industry. 
Such aspects of the setup were analysed using experimentation involving steps to 
conduct the mechanical straining of the coated sample, and then exposing the coating to the 
electrolyte in situ. The procedure followed was similar to that descibed in Section 3.3.1. The 
average coating thicknesses selected were 253, 554, 982, and 2009 μm. 
Figure 4.4 shows the typical Bode plot for an intact coating and a coating that has been 
strained until metal substrate is exposed to environment, similar to that observed in the 
literature in Section 2.2.1 (Figure 2.1) to test the worst-case scenario. The Bode plot shows a 
Figure 4.4: Bode impedance plot for unstrained coating and coating at cracking strain. 
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huge drop in the magnitude of the impedance at the lowest frequency by almost three to four 
orders of magnitude, at the point of the cracking strain. The capacitive slope (marked by a black 
arrow) in the high frequency region reduces in length and becomes less noisy for the strained 
sample. 
A typical Nyquist plot obtained at zero strain is shown in Figure 4.5. It possesses one 
time constant that is the shape of a capacitive arc, as indicated by the arrow. In contrast, when 
the coating is strained to cracking, more than one time constant (or semicircle or arc) occur for 
the strained coating (Figure 4.6) [14]. These time constants represent the contributions of the 
coating and metal substrate [15, 16], and are seen in the work by Miskovic-Stankovic et al. 
[17] in Section 2.2.1 Figure 2.3, as well as that by Baldissera et al. [14]. Cracking strain is 
defined as the strain at which the coating will separate in such a way that the underlying metal 
substrate may be completely exposed to the electrolyte; this is otherwise known as 
Figure 4.5: Typical Nyquist plot for unstrained coating. 
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microcracking, which has also been observed by other researchers, , such as Bastos et al. [1] 
and Zhang et al. [11], as mentioned in Section 2.4. 
 
Thus, the reproducibility of this setup is reflected in its ability to cause cracking in a 
scientifically significant manner for coatings of all the thicknesses. This means that there is 
need to determine the strains at which the cracking has occurred. Three coating samples were 
tested for each thickness and the average value with the standard deviation is shown in Figure 
4.7, where the cracking strain is approximately 1.4% for a coating of 2009 μm, and increases 
Figure 4.6: Typical Nyquist plot for coating at cracking strain. 
Figure 4.7: Variation in cracking strains with respect to coating thickness. The error bars 
represent ±one standard deviation. 
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to approximately 2% for a 982 μm thick coating. In contrast, a coating of thickness 500 μm 
exhibits a cracking strain of 2.5%, whereas a coating of 253 μm thickness has a limit of 4%. 
Such a difference may be because of the extent of entanglement of the polymer chains. 
A higher coating thickness implies a higher entanglement of the polymer chains, increasing the 
stiffness of the structure. As a result, when a strain is applied, the applied load acts in a plane 
strain manner, as the stress distribution along the higher thickness would be more significant. 
On the other hand, in a thinner coating, the entanglement of the polymer chains is lower, and 
the mode of the action for the load would be plain stress. Thus, the planar deformation may be 
more significant in such a thin coating, leading to formation of localized features like the shear 
bands on the surface. 
This observation is similar to that observed by Tan et al. [13], wherein the thicker 
coatings cracked at lower strains in a mandrel bending test. This implies that the new setup is 
capable of applying of a strain similar to that in the mandrel bending test. This parameter of a 
cracking strain can prove useful during coating selection when the pipeline is prepared for 
installation. 
Thus, the novel experimental setup is capable of assessing the coating integrity for 
coatings with thicknesses greater than 500 μm, a marked improvement over the test setups 
reported in the literature. The results show that the reproducibility of the results is reasonable 
for all thicknesses. 
4.4 Evaluating the capability of the setup for studying low plastic strains 
Section 2.4 mentions that the past work by groups such as Bastos et al. [1], Klüppel et 
al. [4], and Laveart et al. [5] focusses on high strains that may cause cracking in the coating. 
The novel setup is capable of reproducibly applying high strains sufficient to enable cracking 
in thick and thin coatings, as demonstrated in Section 4.3. However, a major shortcoming of 
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the literature is the lack of substantial research on low plastic strains applied to coatings. This 
was the motivation for the design of this setup, and hence it is necessary to verify its capability 
to apply a low plastic strain and measure the changes in the coating. For this, a coating of an 
average 253 μm thickness was subjected to two strains. The first strain was 5%, which, 
according to Figure 4.7 (Section 4.3), is expected to lead to cracking in the coating, and provide 
a way to compare the differences between this high plastic strain and the low plastic strains. 
The second strain in the low plastic strain region was 2.5%, which lies below the cracking 
strain region shown in Figure 4.7. 
As anticipated, the samples at 5% show a drastic change in the Bode plot (Figure 4.8), 
where the impedance value at a frequency of 50 mHz drops by almost three orders of magnitude 
to approximately 104 ohm.cm2. Similar to Figure 4.6 in Section 4.3, there is more than one time 
constant in the Nyquist plot (Figure 4.9 (b)), implying that the coating has undergone cracking 
to expose the metal surface to the electrolyte. This is supported by the observation of cracks in 
the optical micrograph of the coating in Figure 4.9 (b). The cracks have traces of brownish 
Figure 4.8: Bode plot for samples on day 0 at two strain levels – 2.5% and 5%. 
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colouring around them that may be the corrosion products that formed when the bare metal 
surface underwent corrosion as a result of exposure to the electrolyte. 
In contrast, for the low plastic strain of 2.5%, the Bode plot in Figure 4.8 shows a 
capacitive slope in the higher frequency region, and is noisy at lower frequencies.  The 
impedance at the lowest frequency is approximately 107 ohm.cm2, and is lower than that of the 
sample with the intact coating, which has an impedance of approximately 108 ohm.cm2. The 
Nyquist plot (Figure 4.9 (a)) for the 2.5% strain sample shows a capacitive arc at the higher 
frequency. The capacitive arc appears to indicate that the ingress of the electrolyte in the 
coating commenced at the applied strain [14, 18]. Although the applied strain is not high 
enough to cause the formation of a visible crack in the coating, there is an effect on the coating 
itself. The drop in the Bode impedance at 50 mHz is representative of this effect. Thus, it shows 
that this setup is not only able to apply low plastic strains on the coating, but also able to 
measure their influence on the coating electrochemically. 
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A laboratory based tensile straining instrument was used in the study by Klüppel et al 
[4]. However, the sample installation direction was horizontal and required specialised sample 
preparation techniques, which added to the total testing time. Hence, the new instrument needs 
to be compatible with the standard ASTM sample sizes. 
Finally, the study of the combined effects of mechanical strain and corrosive 
environment means that there should be a simple way to expose the coating to the medium. In 
the past, exposure has been carried out using PVC tubes or specially designed miniature tubes, 
both of which require time for sealing and curing [1-7], delaying the start of the exposure. 
Hence, the new setup has to have a simple exposure method that enables immediate exposure 
of the coating to the medium. 
1 mm 
Colouring 
due to 
corrosion 
products 
Shear bands 
(a) 
(b) 
Figure 4.9: Nyquist plots for samples exposed for 1.5 days at strains – (a) 2.5%, and (b) 
5%. Optical micrographs are presented alongside the respective plots. 
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These requirements have been taken into consideration in the design of a new setup that 
allows for the simultaneous exposure of a coating to mechanical strain, environment, and CP. 
4.5 Conclusions 
A self-designed experimental setup, consisting of a novel combination of a laboratory 
based tensile testing rig, an in situ strain gauge monitoring device, an electrochemical flat cell, 
and an electrochemical impedance spectroscopy (EIS) measurement system, has been designed 
to enable in situ measurement of the complex effect of three major and common factors 
(mechanical strain, corrosive environment, and CP) on an organic coating, especially a typical 
epoxy energy pipeline coating. The simple and uncomplicated laboratory scale setup has been 
shown to be capable of applying low plastic strains in such a way that they can be controlled 
manually and precisely, while performing in situ EIS monitoring of coating property changes. 
Moreover, it has been shown to be sufficiently sensitive to differentiate between the effect of 
the low plastic strains and high plastic strains on the basis of EIS data. In addition, it has shown 
an ability to be used to determine the maximum strain tolerated by a pipeline coating. 
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Chapter 5 An electrochemical study of the influence of 
mechanical strain, environment, and CP on coating 
properties 
The literature review in Chapter 3 highlighted a number of knowledge gaps, the most 
significant of which is the absence of an in-depth study of the effect of low plastic strains on 
coating degradation. The electrochemical properties of coatings have been studied only in 
terms of the elastic strain region [1-5] or high plastic strains [6-8] under relatively simple test 
conditions. Moreover, studies of low plastic strains have mentioned only selected times in the 
exposure period to show the coating degradation [8]. Thus far, for plastic strains, the 
investigation on the effects of applied strains, such as in Zhang et al. [9] and Bastos et al. [6] 
described in Section 2.4, has focussed mainly on crack formation. In the pipeline industry, the 
main interest is in buried pipes that are usually subject to low plastic strains, where the coating 
is nominally intact. Therefore, the aim of this research is to understand how low plastic strains 
that may not cause visible cracks contribute to coating degradation. 
5.1 Assessment of the coating’s electrochemical behaviour at OCP 
5.1.1. Assessment of coating behaviour based on EIS data  
The low plastic strains in the literature, as studied by Lavaert et al. [8], ranged from 1% 
to 4%, after which the multiple layer coating was found to possess a complete crack above 4% 
strain. Hence, the samples in this research were strained using the procedure mentioned in 
Section 3.2 in Chapter 3, with the exception that they were maintained at constant strains of 
0% to 3.5%, with in situ exposure to the electrolyte for a period of 26 days. Figures 5.1 and 5.2 
show the changes in the Bode plots with increasing number of days of exposure. In Figure 5.1 
(a), the day 3 EIS data show that the coatings at strains of 0% and 1% have a high frequency 
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capacitive slope, with a noisy low frequency region, indicating that the movement of electrolyte 
into the coatings is not yet significant at this stage [10], similar to the plot for three hours shown 
in Figure 2.3. The impedance at 50 mHz is quite high — between 107 and 108 ohm.cm2. In 
contrast, the strains of 2.5% and 3.5% show a sloping resistive plateau at lower frequencies, 
Figure 5.1: Bode plot for samples under strain compared to an unstrained sample, for days 
3 and 8. 
(a) Day 3 
(b) Day 8 
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implying that there are conductive paths available at this early stage of exposure for the 
electrolyte to penetrate the coating surface [11]; this is similar to the plot for days 2 and 3 in 
Figure 2.3. This implies that the initiation phase of the coating degradation occurs through the 
surface pores and defects, as hypothesised by Miskovic-Stankovic et al. [12]. The 
characterisation for this is addressed in subsequent Chapter 6. In addition, the lower strain 
shows a higher impedance value and a capacitive slope for longer exposures than the higher 
strains, confirming the hypothesis mentioned in Section 2.2.1 that the capacitive slopes may be 
helpful in determining the extent of the impact of the influencing factors.  
The impedance value at 50 mHz for 2.5% strain lies between 106 and 107 ohm.cm2, 
whereas it falls below 106 ohm.cm2 for 3.5% strain, implying a higher proportion of these paths 
in the 3.5% strain compared to the 2.5% strain. These paths may be due to the defects formed 
during surface roughening of the coating, in a similar way to those observed by Bastos et al. 
[6], mentioned in Section 2.4, and similar to the results for day 3 and 15 shown in Figure 2.3.  
As the number of days of exposure progresses to eight, the capacitive nature of the 0% 
and 1% strain data shows the beginnings of levelling towards a resistive plateau, which is 
believed to be associated with movement of the electrolyte into the coating through the 
microcapillaries across the coating thickness [13]; this is called mixed capacitive-resistive 
behaviour by Ramesh et al. [14]. The magnitude of this plateau is higher for 1% strain, where 
the impedance at 50 mHz has reduced to 107 ohm.cm2, but the impedance for 0% strain remains 
between 107 and 108 ohm.cm2. For 2.5% strain, the impedance value falls to almost 106 
ohm.cm2, whereas the 3.5% strain exhibits a non-noisy plateau at an impedance lower than 106 
ohm.cm2. This difference may be because of the increasingly connected ruptures and bubbles 
in the coating at the higher strain of 3.5%, where the ruptures may act like the capillaries and 
Maxwell inclusions mentioned in the tortuous pore model of Hinderliter et al. [15] in Section 
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2.3.3. However, the model does not include voids around the fillers, which is a possibility for 
the present coating. 
An increase in exposure to day 15 (Figure 5.2 (a)) results in a decrease in the impedance 
for 0% strain to just below 107 ohm.cm2, and the frequency range for the capacitive slope 
reduces. This indicates possible degradation of some areas of the coating more than others, 
wherein there may be setting up of capillaries due to increased electrolyte penetration, as 
espoused by Liu et al. [16]. The 1% strain, which may have voids at the coating-filler interface 
by virtue of the higher strain, as observed by Bastos et al. [6], now shows a more developed 
plateau, reaching an impedance value closer to 106 ohm.cm2. In the case of both the 0% and 
1% strains, the larger voids and bubbles are not as large and numerous as those for the higher 
strains. Thus, in this case, the electrolyte ingress may have to occur through free volume and 
microcapillaries. According to Mišković-Stanković et al. [12], this movement is slower than 
that through the larger defects, which may explain the slower reduction in the impedance value. 
The propagation of the electrolyte ingress through the samples strained at 2.5% and 3.5% may 
be greater as a result of structural modifications in the bubbles and the higher connections 
between the voids in the thicknesses of the two samples. This is indicated by the resistive 
plateau for 2.5% and 3.5% strain becoming more obvious as the impedance falls below 106 
ohm.cm2 for 2.5%, and inches close to 105 ohm.cm2 at 3.5% strain. 
Results from the final day of exposure, i.e. day 26, (Figure 5.2 (b)) show all of the 
strains with a resistive plateau and a capacitive slope, denoting that the coatings are becoming 
saturated with electrolyte. 
The fall in the impedance value is related to the overall resistivity of the coating (i.e. 
both the electrolyte and/or moisture-loaded section, as well as coating section that remains dry) 
[15]. The fall in the impedance, evident from the drop shown in Figure 5.1 for the higher strain 
samples in the first eight days compared to the lower strain samples, indicates initial penetration 
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of the electrolyte through the defects formed in the coating surface as a result of the applied 
strain. The increased depth at the higher strain, as shown in the optical profilometry, could also 
Figure 5.2: Bode plot for samples under strain compared to unstrained sample, during the 26 
days of exposure. 
(a) Day 15 
(b) Day 26 
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be responsible for facilitating the initial penetration, along with the greater size of the micro 
shear bands formed in the coating surface at these strains. 
Electrolyte penetration is believed to be accompanied by a further diffusion of the 
electrolyte through the polymer, which leads to a further drop in the resistivity of that section 
of the coating, while the resistivity of the remaining thickness is retained. This is consistent 
with the pristine coating zone at the bottom of the coating described in the model by Hinderliter 
et al. [15] in Figure 2.25. This is significant as it shows that the defects that may have formed 
on the surface do not allow the electrolyte to reach the metal/coating interface, and hence may 
still be shallow with parts of coating still intact, as shown in the model. The impedance for 0% 
and 1% is maintained above 106 ohm.cm2, whereas the impedance values for the 2.5% and 
3.5% strains are quite similar and approach 105 ohm.cm2. This was also observed by Laveart 
et al. [8], who attributed this occurrence to the higher mechanical strains that accelerate the 
degradation. This observation is seen to be true for clear coatings, as well as coatings with 
inorganic fillers as reflected in the work by Nguyen et al. [17] and with the coating used in this 
study. 
The Nyquist plots for the strains of 0% to 3.5% are shown in Figures 5.3 and 5.4. Those 
at 0% and 1% strain in Figure 5.3 show the presence of a capacitive arc, which evolved to a 
depressed semicircle at higher strains of 2.5% and 3.5% as indicated in Figure 5.4; these are 
similar to those in Figure 2.6 in Section 2.2.1 [18]. 
For the greater low plastic strain tests shown in Figure 5.4, there is a reduction in the 
radius of the semicircle with no evolution of a second time constant. This forms a major 
difference from the behaviour observed for the high plastic strains in Section 2.4.1, where the 
presence of the second time constant acts a major indicator of the coating degradation. This 
work shows that the degradation may occur much earlier than the time required for the second 
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time constant, implying the need to look at coating damage at a much earlier stage than waiting 
for evidence of metal corrosion. 
 
Thus, the significant electrochemical parameters of all of these cases were coating 
resistance and coating capacitance, as indicated by the presence of a capacitate slope and 
resistive plateau in the Bode plots. Hence, the Nyquist plots were analysed using a Randles 
Day 15 Day 26 
Figure 5.3: Typical Nyquist plots of days 15 and 26 for samples under strains of (a) 
0%, and (b) 1%; Inset: Randles circuit in (a). 
(a) 0% 
(b) 1% 
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circuit, wherein the capacitance element was substituted with a constant phase element (CPE) 
(Figure 5.3 (a) inset).  
 
5.1.2 Explanation of coating resistance and capacitance behaviour  
The coating resistance calculated in the present work is presented to show the trend in 
the coating resistance from day 0 to day 4 (Figure 5.5), day 4 to day 20 (Figure 5.6), and day 
Day 15 Day 26 
Figure 5.4: Typical Nyquist plots of days 15 and 26 for samples under strains of (a) 
2.5%, and (b) 3.5%. Typical fitting for the plot is shown in inset in image for day 26 
for 2.5% strain. 
(a) 2.5% 
(b) 3.5% 
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20 to day 26 (Figure 5.7). This presentation is given to enable differentiation of various plots 
and to further clarify their meaning.  
Figure 5.5 shows that the initial coating resistance magnitude remains the highest for 
0% strain, and decreases with increasing strain. This initial value of coating resistance may be 
related to the surface defects, which may act as the entry points for the electrolyte to enter the 
coating, as mentioned in Section 2.3.1 in the initiation of coating degradation. Consequently, 
if the size of the surface defects increases owing to the effect of any parameter, more electrolyte 
will enter the coating, leading to a lower coating resistance; this is observed here for increasing 
levels of strain. 
 
The further movement of the electrolyte into the coating thickness is reflected in the 
gradual reduction in the coating resistance values from day 4 to day 20 in Figure 5.6. It is 
notable that the values remain the lowest for the highest strain, pointing to the presence of more 
internal defects and pathways for the electrolyte at that higher strain. They may work in the 
form of the combined Maxwell inclusion and capillary model developed by Hinderliter et al. 
[15] and described in Section 2.3.3, and also used by Hughes et al. to explain electrolyte 
Figure 5.5: Variation in coating resistance with respect to strain as a function of period of 
exposure for the first four days of exposure. 
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transport in coatings [19]. After day 20, the coating resistance values for the strained coating 
samples remain fairly constant until day 26, as seen in Figure 5.7. This may indicate that the 
electrolyte has saturated the coating to almost reach the metal surface by means of fissures in 
some locations; however, the electrolytic paths formed have not opened up sufficiently to 
expose the bare metal to the electrolyte, and hence the samples do not show a drastic reduction 
in coating resistance. A similar phenomenon was observed by Laveart et al. [8] who stated that 
eventually all of the samples at different strains will reach a similar minimum value, with the 
only difference being the acceleration of the drop for higher strains. 
In Section 2.2.1 of the literature review, coating capacitance was considered to suggest 
the amount of electrolyte absorbed by the coating polymer by means of its ingress into the 
defects and pores [20, 21]. Previous literature in Section 2.4 showed that there is an increase in 
the coating capacitance with increasing mechanical deformation [2, 5], where it is also stated 
that the coating capacitance was calculated more often by researchers focussing on elastic 
Figure 5.6: Variation in coating resistance with respect to strain and period of exposure for 
days 4 to 20 for the samples under strain, with an inset figure highlighting the higher values 
of the 0% strain sample for days 4 to 20. This figure is an extension of Figure 5.5 for 
extended time period. 
0 strain 
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strains. Those who focussed on high plastic strains chose to use either coating capacitance or 
double layer capacitance, depending on the extent of defect formation in the coating. Thus, the 
knowledge regarding the coating capacitance in the low plastic strains, where the coating is 
said to remain nominally intact, is not known. 
 
The coating capacitance parameter in this work was calculated from the maximum 
frequency in the non-noisy capacitive arc of the Nyquist plots. The capacitance value was 
calculated from the Hsu and Mansfeld equation given below [22]: 
C = Qo * (2πfmax)(n-1), where C = coating capacitance 
 Qo = constant phase element 
 fmax = maximum frequency in the non-noisy part of 
capacitive arc or depressed semicircle 
 n = constant 
Figure 5.8 shows that the coating capacitance continues to increase with time for both 
the strained and unstrained coatings. However, the capacitance values are higher in magnitude 
for greater strains, which may be due to the easy absorption of the electrolyte through the 
Figure 5.7: Variation in coating resistance with respect to strain and period of exposure for 
days 20 to 26. This figure is an extension of Figure 5.5 for extended time period. 
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surface as a result of the strain, such as through the surface cracks observed in the coating by 
Klüppel et al. [7]. Such a high absorption may be translated into an increment in the electrolyte 
uptake in the coating facilitated by the higher internal defects at greater strains. There is a 
possibility of accumulation of electrolyte in the void space in the internal subsurface voids of 
the coating, which was hypothesised earlier as the Maxwell inclusions in a model presented in 
Section 2.3.3 as the possible mechanism for the transport of the electrolyte through the coating 
by Hinderliter et al. [15]; this was also hypothesised by van Westing et al. [23]. 
A strain higher than 3.5% was applied to observe further changes in the electrochemical 
properties of the coating. In this case, the focus maintained on the Nyquist plot, rather than on 
the coating resistance and coating capacitance, owing to the peculiar shape of the plot. The 
shape of the Nyquist plot changes from a capacitive arc at 0% strain (Figure 5.9 (a)) to a plot 
with a minimum of two time constants at 4% strain (Figure 5.9 (b)). While the capacitive arc 
denotes that the coating is the major contributor to the impedance, and covers the metal 
substrate, the latter case points to a defect in the coating which is sufficiently large to expose 
Figure 5.8: Variation in coating capacitance with respect to strain and period of exposure.  
The error bars depict one standard error. 
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the bare metal to the electrolyte. Moreover, the Bode plot shows a corresponding drop in the 
impedance in Figure 5.9 (c).  
(a) 
(c) 
(b) 
Second time 
constant 
Figure 5.9: Representation of (a) Nyquist plot for 0% strain, (b) Nyquist plot for 4% strain, 
(c) Bode plot for 0% and 4%. 
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5.2 Dependence of impedance on application of mechanical strain and CP 
Section 5.1 presents a detailed analysis of the influence of low plastic strains on the 
electrochemical properties of the coating, which showed that the mechanical strain has a 
degrading effect on the coating compared to the unstressed coating. Moreover, as mentioned 
in Section 2.5, the CP was seen to accelerate the coating degradation [20, 21]. However, the 
coatings studied have been relatively thin or possess an artificial flaw. Moreover, the influence 
of CP on an intact coating subjected to both mechanical strain and environment has rarely been 
studied [4, 24, 25]. In the case mentioned in Section 2.5, where Yang et al. studied this 
condition, the applied stresses were elastic and the results revealed that the two factors of 
mechanical stress and CP could interfere with each other’s degrading behaviour. 
Hence, the combined influence of the mechanical strain and CP on a coating, such that 
the strains are in the low plastic region, has been studied. Two conditions have been studied 
here, and a low plastic mechanical strain is applied such that the coating remains nominally 
intact. Further, in case I, the CP is applied immediately after straining and then both the strain 
and CP levels are varied. In case II, the coating is exposed to electrolyte at OCP for a long time 
after mechanical straining, and then the CP levels are applied and varied. 
5.2.1 Case I – Variation in mechanical strain and CP potentials 
Figures 5.10, 5.11, and 5.12 show the variation in the Bode impedance for the changes 
in the applied mechanical strain and CP. As seen for mechanically strained samples, when a 
mechanical strain of 2.7% is applied to the coating, there is a rapid degradation in the 
impedance magnitude in Figure 5.10 (a), which falls from approximately 107 ohm.cm2 to just 
above 105 ohm.cm2 in a short time of one day. This points to the degrading effect of the 
mechanical strain discussed earlier. On application of a CP potential, it is expected from the 
observations of the researchers in the past [20, 21] that the impedance should fall further. 
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However, in Figure 5.10 (b), it is observed that on application of -860 mV vs saturated Ag/AgCl 
reference electrode CP, the impedance increases over three hours to approximately 106 
ohm.cm2. 
As shown in Figure 5.11, if the CP is stopped and the coating is again kept at OCP for 
another day of exposure, the expectation is that the absence of the CP will revert the impedance 
to its value prior to the CP application. However, the impedance does not return to the original 
low impedance value of 105 ohm.cm2. This could be the interfering effect mentioned by Yang 
et al. [4]. The interfering effect can be caused by the hydroxyl ions generated by the CP at the 
coating/metal interface, which in the absence of an open defect may not have an escape route 
Figure 5.10: Bode impedance for coating subjected to a strain of 2.7%, exposed to OCP 
in (a), and CP of -860 mV vs saturated Ag/AgCl reference electrode (b). 
(a) 
(b) 
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to the external electrolyte and may accumulate in internal voids to impede the inward 
movement of the electrolyte at the low CP potential of -860 mV vs saturated Ag/AgCl reference 
electrode. The internal voids may not be saturated with the electrolyte owing to the short 
exposure and the air-filled pathways may also contribute to the interference. 
 
When the mechanical strain on such a coating is increased to 2.9% and the coating is 
exposed at OCP, the impedance again drops to below 105 ohm.cm2 (Figure 5.12 (a)), once 
again due to the possible mechanical damage. An extended exposure at OCP ensures a further 
significant drop in the impedance to below 105 ohm.cm2 due to the increased ingress of 
electrolyte into the coating. This implies that the impeding factor previously present at CP is 
no longer dominant in the presence of higher coating defects that may have formed after an 
increase in the mechanical strain.  
In Figure 5.12 (b), an application of a CP potential of -860 mV vs saturated Ag/AgCl 
reference electrode again at this point shows a similar behaviour to that in Figure 5.11, where 
the impedance increases as opposed to decreasing. In fact, an extended exposure leads to a 
Figure 5.11: Bode impedance for coating subjected to a strain of 2.7%, and exposed to 
OCP after a short CP. 
140 | P a g e  
 
further rise in the impedance (Figure 5.12 (b)). This is an interesting phenomenon that could 
be due to a CP induced local pH change that may have increased impedance of the coated metal 
surface, acting as the interference factor.  
Figure 5.12: Bode impedance for coating when the strain is increased to 2.9%, (a) 
exposed to OCP, and then (b) exposed to increasing CP levels. 
(a) 
(b) 
(c) 
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In Figure 5.12 (c), if the CP level is increased to -1.4 V vs saturated Ag/AgCl reference 
electrode, the impedance drops. When the CP is increased to -1.6 V vs saturated Ag/AgCl 
reference electrode, there is an even greater reduction in the impedance magnitude. It is known 
that a very negative CP leads to the evolution of hydrogen from the coated metal surface, and 
hence may lead to the observed impedance drop. 
Thus, this brings to the fore two important conclusions. Firstly, the mechanical strain 
is observed to cause a more immediate observable change in the coating electrochemical 
properties compared to the applied CP level, which means that it may be the dominant of the 
two factors (strain and CP). Secondly, although there is an interference effect at the lower 
potential of -860 mV vs saturated Ag/AgCl reference electrode, the effect is overcome at higher 
potentials to cause a higher degradation of the coatings. 
5.2.2 Case II - Application of CP after extended period of exposure at OCP 
In Section 5.2.1, the interference observed at the low CP potential was said to be due to 
local changes in the pH at the metal interface, as well as the absence of electrolyte-filled 
pathways that allow for easy transport of the cations and anions back and forth under the effect 
of electro-osmosis. Hence, to determine if a similar interference is found for a coating that has 
taken up sufficient electrolyte to form continuous capillary channels, a coating was kept at a 
lower mechanical strain of 2.5% under a long exposure time at OCP for approximately 34 days. 
Figure 5.13 shows that the Bode impedance for the coating dropped over the period of exposure 
from above 107 ohm.cm2 to approximately 106 ohm.cm2. As observed before in Figure 5.2 in 
Section 5.2.1, this drop occurs because of the formation of a large proportion of conductive 
channels that allow the passage of electrolyte through the coating under the concomitant 
influence of mechanical strain and environment.  
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In Section 5.2.1, the application of a CP of -860 mV vs saturated Ag/AgCl reference 
electrode led to an increase in the impedance. Interestingly, when -860 mV vs saturated 
Ag/AgCl reference electrode CP is applied in this case, as seen in Figure 5.14, the applied 
potential of -860 mV vs saturated Ag/AgCl reference electrode leads to an increase in the 
impedance. This implies that the concept of the local pH changes impeding the flow of the 
cathodic current is likely here as well. Notably, the increase is considerably smaller than in the 
previous case, implying that there are more saturated conductive channels in the coating to 
escape to the external medium, as opposed to the previous case. 
Interestingly, for both the levels of -860 mV vs saturated Ag/AgCl reference electrode 
and -1.4 V vs saturated Ag/AgCl reference electrode, the impedance remains at approximately 
the same level, as shown in Figure 5.15. It is possible that the short duration for the two 
potentials may not be sufficient for the degradation to show.  
 
Figure 5.13: Bode impedance for coating at 2.5% strain, exposed to electrolyte at OCP. 
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Figure 5.14: Bode impedance for the coating at 2.5% strain, exposed to electrolyte at OCP, 
and then to a CP of -860 mV vs saturated Ag/AgCl reference electrode from day 34 to day 
46. Plot for day 46 is shown. 
Figure 5.15: Bode impedance for coating at 2.5% strain, exposed to CP levels of -860 mV 
vs saturated Ag/AgCl reference electrode and -1.4 V vs saturated Ag/AgCl reference 
electrode. 
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In Figure 5.16, a significant reduction occurs only when the potential becomes -1.6 V 
vs saturated Ag/AgCl reference electrode. This drop is similar to that seen in the previous case. 
This is a high potential that leads to hydrogen evolution reactions at the metal/coating interface, 
which may lead to a higher coating degradation. Such a high potential was also observed by 
Upadhyay et al. [26] for room temperature and unstressed coatings, which makes the above 
observation plausible. 
5.3 Conclusions 
It is shown and confirmed that imposing low plastic strains on a pipeline coating have 
a degrading effect on the coating electrochemical properties when exposed to a corrosive 
environment at OCP. The trends of changes in coating EIS parameters in the low plastic strain 
region were found to be similar to those reported in the literature on elastic and high plastic 
strained coatings. As expected, the coatings degrade faster at a higher strain level. 
Figure 5.16: Bode impedance for coating at 2.5% strain, exposed to CP levels of -1.6 V 
vs saturated Ag/AgCl reference electrode. 
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For the first time, it is shown and confirmed that imposing different levels of CP 
potentials on coatings at low plastic strains can have different effects on coating degradation. 
For instance, the coating impedance at a CP potential of -860 mV vs a saturated Ag/AgCl 
reference electrode increased suggesting slower coating degradation. However, at a CP 
potential above -1.4 V vs saturated Ag/AgCl reference electrode, the impedance reduced 
implying further coating degradation. This is reasoned in a new concept whereby at low plastic 
strain and -860 mV vs saturated Ag/AgCl reference electrode, the CP reaction caused local pH 
increases at the coating/metal interface, which may impede the degradation of the coating. 
However, at a higher CP potential of -1.4 V vs saturated Ag/AgCl reference electrode, the CP 
reaction could generate hydrogen gas and enhance coating degradation owing to the impact of 
the hydrogen evolution. 
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Chapter 6 Characterising and modelling the initiation of 
coating degradation during simultaneous exposure to 
mechanical strains and a corrosive environment   
It is reported in Chapter 5 that an increase in the mechanical strain at the low plastic 
values causes increasing degradation of the coating properties at OCP. This was related 
hypothetically to the increased electrolyte ingress, according to the literature discussed in 
Sections 2.3, 2.4, and 2.5. The coating resistance trends revealed two stages of coating 
degradation – initiation and propagation. Chapter 6 reports a more detailed study of the 
initiation stage of the degradation to achieve understanding of coating degradation mechanisms 
and contributing factors. It is reported in the literature that the surface of a coating plays an 
important role in the initiation of the electrolyte ingress into the coating to cause its degradation. 
According to Taylor et al. [1] in Section 2.2.2.1, these surface effects are attributed to 
compositional variations in the coating polymer. However, limited researchers have attempted 
to show the variations physically, as mentioned in Section 2.3.1 [2, 3], with Hughes et al. 
observing the probable presence of a low density polymer and Morsch et al. observing soft and 
hard regions of the polymer attributed to the different cross-linkings, respectively. 
When such a coating is subjected to mechanical strain, the surface of the coating may 
show structural changes, such as increased roughening of the surface with increasing strains 
observed by Bastos et al. [4] and described in Section 2.3. Such incremental roughening is said 
to enhance the initiation of the coating degradation due to higher electrolytic ingress. However, 
this analysis is mainly for very high plastic strains. The initiation stage at low plastic strains 
has not been studied to a large extent. 
Hence, Chapter 6 aims to contribute to the unknown aspects of the initiation of the 
coating degradation of a coating at low plastic strains through characterising and modelling 
surface and structural changes and their relationships to coating degradation. 
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6.1 Characterisation of the unstrained coating using computed tomography (CT) 
It is mentioned in Section 2.3.1 that the heterogeneity of the polymer cross-linking in 
the coating may be responsible for the initiation of the electrolyte penetration into the surface, 
even for an unstrained coating. Therefore, it is important to characterise the heterogeneities in 
coatings to link them to electrolyte penetration and coating degradation. This initiation is also 
reported in Chapter 5 Section 5.1.2 in the form of a drop in coating resistance of the unstrained 
coating; however,  the link between EIS data and this heterogeneity has not been established 
[3]. Hence, it is necessary to go beyond the electron and optical microscopy techniques, and 
use a technique capable of providing such a compositional and structural outlook. Therefore, 
the advanced technique of X-ray computed tomography (CT) combined with data constrained 
modelling (DCM) was used because of their demonstrated ability to reveal a compositional 
distribution of a component in the coating sample [2, 5-8]. The details of the technique are 
given in Chapter 3 Section 3.5. 
The DCM software reconstructs a three-dimensional structure from the two-
dimensional images obtained from the X-ray imaging. The structure is made up of smaller 
three-dimensional units called voxels [6]. Voxels are comprised of the X-ray absorption 
densities of the coating constituents, namely polymer, fillers, and voids. The DCM software 
uses the concept of linear attenuation coefficient (LAC) for the purpose of calculating the 
constituent composition densities [8]. LAC is that fraction of X-ray absorbed by the molecule 
in a particular location. Hence, if the proportion of the molecules of one particular component 
is greater such as in a region of greater crosslinking of polymer molecules, it is depicted in the 
analysis as a region of higher compositional area [7]. The visualisation of the presence of one 
particular component is enhanced by adjusting the data threshold percentages to a range 
comprised of the absorption densities of a particular component. The most dominant 
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component is visible at a particular data threshold range. However, it should be mentioned that 
the structure at this threshold range may include other minor components [6]. 
As shown in Figure 6.1, when the concept of LAC is applied to the polymer organic 
component for the unstressed coating, the location of the polymer molecules to a large extent 
reveals itself as a greater absorption density region, and that with fewer polymer molecules 
presents as a lower absorption density region. In the colour bar alongside the figure, the 
descending colours indicate the increasing composition of the organic component. 
 
The two colours associated with A and B represent the two different endpoints for 
absorption densities of the polymer compositions. Colours A and B indicate the regions with 
Variation in 
polymer 
absorption 
density 
composition 
Figure 6.1: DCM representation for organic component in unstressed coating with colour bar 
denoting polymer composition. Also shown are - #1: higher absorption density polymer, #2: 
lower absorption density polymer, #3: cross section of a polymer feature with highest 
absorption density polymer, and #4: a polymer cusp with a lower absorption density than 
surrounding polymer. 
A  
B  
Lower 
Higher 
#1 
#3 
#2 
#4 
20µm 
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the lowest and highest absorption densities, respectively. The red region (#1) has a higher 
absorption density than that of region #2. These two regions form the two main heterogeneous 
areas of the polymer. The green surfaces (#3) with the higher polymer composition are shown 
to have a denser structure than the surrounding surfaces. Cusps such as #4 may be the inner 
surfaces of voids such as bubbles. Their colours indicate a lower absorption density than the 
surrounding region of lower polymer composition. Variations in polymer density were also 
found by Morgan et al. [1]. Moreover, both of these results may be related to the findings of 
Eom et al. [9], who observed two types of voids in epoxy, one formed prior to the gelation 
phase of the curing, and the other formed from the gelation to the final curing of the epoxy. 
Such variations in the absorption density may imply the occurrence of the historically 
mentioned concept of inverse (I) or high cross-linking region (#1) and direct (D) or low cross-
linking region (#2) [10]. 
Owing to a lower cross-linking of polymer chains in the D region, the D-type may be 
said to promote a higher ingress of electrolyte as a result of the higher free volume between the 
polymer chains, compared to the I type polymer [10, 11].  If such heterogeneity is also present 
at the surface of an unstrained coating, then its degradation can be initiated with the ingress of 
the electrolyte through the surface, as observed in the impedance and coating resistance 
degradation in Chapter 5. 
6.2 Observations of initiation of coating degradation under mechanical strain 
It is shown in the electrochemical results in Section 5.2.1 that the mechanical strain 
accelerated the initiation of the coating degradation of samples subjected to low plastic 
mechanical strain. To identify and link the coating surface defects that may be responsible for 
this acceleration, a characterisation process was followed to trace mechanical damage to the 
coating surface from the very early stages of deformation. These are described subsequently. 
152 | P a g e  
 
6.2.1 In situ tensile testing inside SEM chamber 
In Chapter 5, the lower plastic strains were seen to cause a drop in the impedance and 
coating resistance. The literature review presented in Section 2.4 showed that advanced 
techniques such as the SEM reveal the surface pores and defects that may lead to the evolution 
of shear bands. However, the sites from which initiation occurs in the very early stages of the 
degradation have not been described previously. For this purpose, the coated substrates were 
subjected to tensile loading carried out in situ inside a SEM chamber, as described in Chapter 
3 Section 3.4.1.2. This SEM was similar to that used for the observation of cracking in metals 
by Summers et al. [12] described in Section 2.1.2. This enabled the observation of the features 
that developed early in the process of straining. 
When the coating loading changes from elastic to low plastic, shear bands and cracks 
emerge, as shown in Figure 6.2 and Figure 6.3. The nano shear bands have a width of 
approximately 300 – 400 nm. The crack in Figure 6.2 (c) has formed at a pre-existing pore in 
the coating, with a width of approximately 150 nm. Such a crack formation has been observed 
previously only at the macro scale [13, 14]. Here, it is shown that the same principle holds true, 
even for pores of only a few micrometres. This shows that, despite there being no features 
visible to the naked eye at very low plastic strains, nano-sized features form, and these may 
enable a small amount of electrolyte to penetrate the coating surface. This is important, as low 
plastic strains are typically assumed to not have a large effect as no significant difference is 
found in their electrochemical properties in literature [14]. This is found to be true for the low 
strain of 1% in Figure 5.1 in Section 5.1.1, where the Bode impedance is relatively high in the 
very initial stages. This means that the defects were not sufficiently large to cause a big drop 
in the impedance as in strains of 2.5% and 3.5%. However, it did reduce the coating resistance 
in the first four exposure days, as shown in Figure 5.5 in Section 5.1.2.  
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The nano shear band is a depression in the coating matrix (Figure 6.3 (a)). It may join 
two or more pores such as those shown in Figure 6.3 (b). As the applied strain on a coating is 
increased, these nano shear bands may undergo cracking at their base. They evolve into larger 
groups that merge to form a micro shear band as shown in Figure 6.4. The shear bands form in 
the matrix of the coating. Then, the micro shear band increases in size, coalescing with the 
adjacent nano shear bands (Figure 6.5). 
(a) 
(b) 
(c) 
Figure 6.2: Morphology of coating at (a) elastic load, and (b) low plastic load. Arrows in the images 
denote shear bands, and circles denote the formation of defects at pre-existing pores in the coating. 
Image (c) shows the magnified circled pore of image (b), showing a crack of an approximate width of 
150 nm. Also shown is the load vs elongation plot to denote the loads at which the images were 
captured. 
(a) 
(b) 
1 µm 
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Figure 6.3: Formation of nano shear bands as depressions in the coating. 
200 nm 200 nm (a) (b) 
Shear 
band 
Pore 
Pore 
Shear 
band 
Increase in strain from 0 strain to #3 
 
Increase in strain from #3 to #6 
Figure 6.4: Appearance and evolution of shear bands, with increase in applied strain. Also 
shown is the load vs elongation plot to denote the loads at which the images were captured. 
200 µm 
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Figure 6.6 shows the growth of the shear band combined with the nano shear bands. A 
closer inspection in the area of the nano shear bands shows the presence of even smaller bands 
forming at right angles to the main branch of the nano shear bands (Figure 6.6), possibly due 
to the alignment of the polymer fibrils in the shear bands [15-17]. This observation is similar 
to the progressive roughening of the coating surface observed by Bastos et al. [4] and detailed 
in Section 2.4. A large shear band implies a sensitive area at which the electrolyte can penetrate 
the coating. This may be the reason for the huge drop in coating impedance for the 2.5% and 
3.5% strains discussed in Section 5.1.1, and coating resistance in Figure 5.5 in Section 5.1.2. 
Moreover, this means that more electrolyte uptake is possible, leading to higher coating 
capacitance for 2.5% and 3.5% strains than for 0% and 1% strains, as described in Figure 5.8 
in Section 5.1.2. 
Increase in strain from #5 to # 6 
 
Figure 6.5: Coalescence of micro shear bands to form a microcrack, indicated by arrows. Also 
shown is the load vs elongation plot to denote the loads at which the images were captured. 
10 µm 
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Increase in 
strain from #4 
to #5 
 
Figure 6.6: Coalescence of micro shear band with adjoining nano shear bands with 
increase in applied strain, indicated by arrows. Also shown is the load vs elongation plot to 
denote the loads at which the images were captured. 
2 µm 
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6.2.2 Modelling shear band growth using finite element analysis (FEA) 
A simple finite element analysis carried out using the static structural module in 
ANSYS software could assist in modelling these observed coating morphology damages. The 
coating was simulated using epoxy resin as the material, with the substrate being structural 
steel. As the actual materials have constituents subject to industrial discretion, representative 
materials were chosen so that their material properties most closely approximate. 
As shown in Figure 6.7, a coated metal substrate was used as a model. Three shear 
bands were simulated as conical defects in the coating, with two shear bands #1 and #2 in the 
same direction, and the third #3 in a direction parallel to them at a small distance away. The 
details of the materials used in the simulation are given in Section 3.5 in Chapter 3. The applied 
strain is 0.5% and the calculated von Mises elastic strain and von Mises elastic stress are shown 
in Figure 6.8 and 6.9, respectively.  
 
Figure 6.8 and Figure 6.9 show that the distribution characteristics of the strain and 
stress, respectively, are similar, and the maximum for both parameters is at the base of all the 
shear bands. For the two shear bands in the same direction, the stress along their edges 
Direction 
of applied 
strain 
Shear 
bands 
 
#1 
 
#2 
 
#3 
 
Figure 6.7: FEA simulations to indicate stress and strain distributions in shear bands: 
model coated substrate. 
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decreases, while that along their depth increases. Moreover, the area between them also shows 
a higher stress compared to their edges.  
This is true for the strain distribution as well, and it implies that the most likely region 
for the growth of the shear bands is through the coating depth and at the region between the 
shear bands. This validates the observation that shear bands grow in length and depth, but not 
necessarily in width. 
mm/mm 
Figure 6.8: FEA simulations to indicate stress and strain distributions in shear bands: 
von Mises strain distribution. 
MPa 
Figure 6.9: FEA simulations to indicate stress and strain distributions in shear bands: 
von Mises stress distribution. 
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For the third lone shear band as well, the maximum stress lies at the depth and perpendicular 
edges. The stress values in the longitudinal edges are also lower than the average applied strain. 
Thus, the most likely region through which this shear band grows is along the cross-sectional 
depth and the length; this has been observed physically by means of the in situ SEM images 
reported in Figure 6.6. 
The growth of these shear bands occurs as a result of consecutive breaks within layers 
of the coating along its depth. As evident in Figure 6.10, when the surface layer breaks away, 
fibrils of the broken polymer can be seen in the subsurface layers of the coating. An increase 
in the applied strain causes a widening of the broken layers away from each other to reveal the 
even lower tiers of the coating, with hints of a possible further fracture. With an increase in the 
applied strain, the polymer layers finally break away to form a microcrack. Thus, crack 
formation in a coating occurs in individual layers, which also means that the cross-sectioning 
of the shear bands may damage the irregularly placed broken layers, thus making it difficult to 
differentiate between the shear band and the damage due to the preparation of the cross-
sectional surface. Hence, a surface observation would provide a more reliable insight into the 
defect structure. 
 
Figure 6.10: SEM images depicting broken layers of coating, where the arrows indicate the 
broken layers, and the circle depicts a step-like structure of the coating layers. 
Increase in strain 
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For this purpose, an optical microscope and optical profilometry were employed to 
observe the proportion, size, and depth of the shear bands for samples strained on the newly 
designed tensile testing rig described in Chapter 4. The contact angle measurement technique 
was utilised to see the influence of such variations in the shear bands on the hydrophobicity of 
the coating. 
6.2.3 Optical microscopic observation of coating surface 
The optical micrographs in Figure 6.11 show the variation of morphology for the strains 
of 2.5% to 4% for different samples. The image analysis for these samples is given in Figure 
6.12. The particulars of the microscopy and analysis are given in Chapter 3 Section 3.4.2. 
 
(a) 
(b) (c) 
(d) 
(e) 
1 mm 
Figure 6.11: Optical micrographs of coating subjected to tensile strains of - (a) 0%, (b) 
1%, (c) 2.5%, (d) 3.5%, and (e) 4%. 
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An increase in the strain from 2.5% to 3.5% shows a sharp drop in the number of shear 
bands. The count reduces further for the higher strain of 4%.  These reductions are accompanied 
by a corresponding rise in the average size of the shear bands. This implies that when the strain 
increases from 2.5% to 3.5%, the smaller shear bands join to form a larger shear band. This 
leads to a decrease in their number, but the resulting shear band has a larger average size. These 
phenomena are enhanced as the strain is increase d to 4%. They correspond very well to the 
SEM observations in Figure 6.4 in Section.6.2.1. 
Naturally, the percentage area covered by the shear bands is seen to increase as the 
strain increases from 2.5% to 4%. The percentage area increase denotes the inclusion of the 
area between the shear bands during the increase in their size, similar to the SEM image in 
Figure 6.6 and the simulation in Figure 6.7. However, the increase is small, which may be 
because the propagation of the shear bands occurs primarily in one direction on the surface. 
Figure 6.12: Variation in (a) count, (b) Average area, and (c) %Area of the shear bands with 
respect to the applied strain. 
(a) (b) 
(c) 
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However, the increment is not as rapid as in the case of the trends of the counts and the average 
size. This may be attributed to the increase in the size of the shear bands is chiefly in the 
direction of its length, rather than in both the length and the width, as observed in the simulation 
in Section 6.2.2. A higher area accelerates the initiation of the electorlyte ingress, as evidenced 
by the immediate high drop of the coating resistance for the 3.5% strain compared to the 2.5% 
strain  in Figure 5.5 in Section 5.2.2.  
6.2.4 Contact angle measurement 
The occurrence and subsequent variation in the area covered by the shear bands in the 
earlier sections may cause a roughening of the coating surface, which may in turn have an 
effect on its hydrophilicity. Hydrophilicity plays an important role as it determines the ease 
with which the electrolyte can be adsorbed on the surface, enabling its penetration into the 
surface [18, 19]. For this, the contact angle measurement technique was used as detailed in 
Chapter 3 Section 3.3.3. The samples at strains 1%, 2.5%, and 3.5% were analysed and 
compared to the unstrained sample. As observed in Figure 6.13 (a), the water droplet has an 
obtuse angle in the unstrained sample. When the strain increased to 1% in Figure 6.13 (b), the 
angle appears closer to 90° but with a hint of acute behaviour. In Figure 6.13 (c), the strain of 
2.5% shows a clear acute angle, while the sample at strain 3.5% has a large acute angle (Figure 
6.13 (d)). 
The values for the contact angle measurements are presented in Figure 6.14. These 
values were obtained at the end of 1.6 seconds. Although contact angle measurements for the 
strained samples were not found to a large extent in the literature, the literature did show the 
influence of hydrophilicity on contact angle [18, 19]. The reduction in the angle magnitude 
with the increment in applied strain can be observed from the chart. The angle for the unstrained 
samples lies at approximately 93°, as was noted from the droplet images. This indicates that 
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the coating at zero strain is fairly hydrophobic. As a result, it is less inclined to adsorb water, 
and consequently, further absorption and penetration of the electrolyte into the surface is low. 
 
For the 1% strain, the angle is approximately 86°, indicating that the surface is now 
hydrophilic to a small extent. This implies that the applied strain has led to roughening of the 
surface at such a small strain, possibly due to the nano shear bands and nano cracks observed 
in Figure 6.2. Hence, it is expected that the surface at this strain is more prone to the absorption 
of the water than the unstrained coating. 
The contact angles for the 2.5% and 3.5% strains reduce to approximately 83° and 74°, 
respectively, showing a direct proportion to the area covered by the shear bands in Figure 6.12 
(c). This indicates that the shear bands promote the adsorption of the water molecules, possibly 
to the broken bonds at the polymer fibrils observed in Figure 6.10, thus leading to a high 
hydrophilicity as a result of the roughening caused by the shear bands on the surface. It should 
Figure 6.13: Contact angle images for strains: (a) 0%, (b) 1%, (c) 2.5%, and (d) 3.5%. 
(a) (b) 
(c) (d) 
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be noted here that the angle is more acute for the 3.5% than the 2.5% strain, as also seen from 
the enhanced flattening in the image for 3.5% sample in Figure 6.13 (d). Thus, this indicates 
the role that the shear bands play in the initiation of the penetration of the electrolyte through 
the coating surface. 
 
This is reflected in the reduction in the values at day 0 and day 1 of the coating 
resistance in Figure 5.5, as well as in the Bode impedance in Figure 5.1 in Section 5.1.1. It 
implies that the hydrophilicity increased with increasing mechanical strain, making it easier for 
the electrolyte to be adsorbed on the surface for higher strains, leading to an acceleration of the 
initiation of the coating degradation at higher strains. 
6.2.5 Optical profilometry 
In addition to the increased adsorption, the initiation of the degradation may also 
depend on the depth into the coating surface to which the electrolyte can move at the initial 
exposure. The samples were subjected to optical profilometry to quantify the difference in the 
depth. Optical profilometry is a technique which makes use of the reflected light to obtain 
Figure 6.14: Contact angles for the coating surface as a result of the applied strains 
of: (a) 0%, (b) 1%, (c) 2.5%, and (d) 3.5%. 
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information about the heights and depths of the surface of the material [20], and is described 
in Chapter 3 Section 3.3.4. 
Figure 6.15 shows a three-dimensional image of the typical morphologies of the shear 
bands obtained at 1%, 2.5%, 3.5%, and 4% strains. The depth of the shear bands increases with 
increasing strain. At 1% strain, no shear band-like structures are observed in the surface profile 
(Figure 6.15 (a)). In contrast, in the profiles for the samples at 2.5% strain, there is a formation 
of connected areas that are deeper in the profile, with a depth of approximately 0.5 to 1 μm 
(Figure 6.15 (b)). The shear bands are clearly visible in the samples of strains 3.5% and 4%. 
The depth of the shear band at 3.5% is approximately 1 to 1.4 μm, whereas the shear bands at 
4% strain have depths of approximately 3 μm, as observed in Figure 6.15 (c) and Figure 6.15 
(d), respectively. 
Figure 6.15: Optical profiles of the evolution of the coating surface as a result of the 
applied strains of: (a) 1%, (b) 2.5%, (c) 3.5%, and (d) 4%. 
(a) 
(b) 
(c) (d) 
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This means that if the depth of the surface defects is higher, the immediate distance that 
the electrolyte is able to penetrate into the coating is higher, according to the theory proposed 
by Mišković-Stanković et al. [21] and mentioned in Section 2.3.1. This may be responsible for 
the immediate reduction in the coating resistance observed in Figure 5.8 in Section 5.1.2, with 
the coating resistance decreasing with increasing strain values. 
6.3 Conclusions 
The EIS study in Chapter 5 showed that the coating underwent degradation in both the 
unstressed and stressed conditions. CT characterisation revealed heterogeneous polymer 
compositions in unstressed coating films that could be the key coating structural features 
responsible for initiation of the degradation in the unstressed coating. At low plastic strains, 
the formation of nano-sized defects, which evolve into micro-sized shear bands and cracks, 
appear to be responsible for accelerating initiation of the coating degradation. This is important 
as the small plastic strains in the hydrostatic testing in the pipeline industry may actually be 
accelerating the degradation of pipeline coatings. The influence of nano-sized defects and 
micro-sized shear bands and cracks on the initiation of coating degradation is reflected in the 
correlation found between the physical features of the micro shear bands for a particular strain 
level in this chapter and the corresponding coating resistance decrease trends reported in 
Chapter 5. 
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Chapter 7 Characterising and modelling the propagation of 
coating degradation during simultaneous exposure to mechanical 
strains and a corrosive environment 
Chapter 6 revealed the initiation of coating degradation by showing that it was 
dependent on the evolution of the surface defects with respect to the applied mechanical strain, 
as well as on the influence of these defects on the coating impedance in the presence of a 
corrosive electrolyte. It was able to account for the very early exposure changes in the 
electrochemical properties described in Chapter 5 Section 5.1. 
Further, the evolution of the through-thickness defects corresponding to the surface 
defects in the coating has not been given in detail in existing research. Moreover, such a study 
for low plastic strains only deals with the final cracks formed after the application of the 
maximum strain, rather than at the intermediate steps [1]. The next step of propagation of the 
coating degradation due to the electrolyte ingress hitherto reported in the literature only deals 
with unstrained samples, as shown in Section 2.3.2. Literature regarding propagation models 
is limited to unstressed coatings, as described in Section 2.3.3, and does not include a model 
for the combined influence of mechanical strain and environment. Moreover, although attempts 
have been made to show the three-dimensional view of the capillaries in the coating, they have 
not been shown in congruence with the filler materials. 
In this chapter, the research begins with a study on the evolution of the through-
thickness defects from a cross-sectional point of view. Then, it visualises the voids in a three-
dimensional manner. Finally, it attempts to combine the tortuous path and pore model to obtain 
a more complete picture of the electrolyte ingress in a coating consisting of fillers and defects, 
under mechanical strain and a corrosive environment. 
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7.1 Cross-sectional perspective 
Previous chapters reported research on the initiation of coating degradation, and 
attempted to correlate the initial stages of electrochemical property changes and coating 
degradation to the mechanical damage of the coating surface. Here, the propagation of the 
coating degradation is explained with respect to mechanical damage in the cross-section of the 
coating. 
In the case of an unstrained coating sample, further electrolyte movement through the 
coating thickness is by two processes – percolation and chemical bonding [2-4]. Percolation of 
the electrolyte involves the movement of the molecules and ions, such as cations, anions, 
moisture, and dissolved gases, through its voids. For this study, different samples were 
subjected to mechanical straining and SEM. The particulars of this test method are described 
in Chapter 3 Section 3.3.1.1. 
Once the electrolyte enters the unstressed coating through the pores, such as those in 
SEM image Figure 7.1 (a), its movement is facilitated by the free volume between the coating 
polymer chains, as well as by the existing bubbles and polymer ruptures; the capillary effect is 
the major driving force that fills these bubbles and voids [2, 3], and may cause the reduction in 
Bode impedance and capacitive arc noted in Chapter 5 Section 5.1.1.  
Figure 7.1: SEM images of the (a) coating surface and (b) cross-section for sample under 1% 
strain. 
(a) Surface (b) Cross-section 
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This movement may also occur because of the chemical interaction that results in the 
formation of hydrogen bonds between water and the polymer, causing the bonds between the 
polymer chains to break [4]. This may be assisted by an ion exchange mechanism. It may result 
in plasticisation and a reduction in the local mechanical interlocking of the polymer chains, 
enabling the electrolyte to push the chains away and enlarge the local free volume [5], as a 
result of the hygroscopic strains, leading to the formation of conductive paths [6-8]. This 
increase in conductive paths is reflected in Section 5.1.2 in the form of the gradual reduction 
in coating resistance, and the filling of transport paths with the electrolyte is reflected in the 
increase in the coating capacitance. Moreover, the literature shows that such paths are formed 
even for unstressed coatings, and are evidenced in the reduction in the coating resistance [9]. 
However, the literature does not mention similar mechanisms in a coating subjected to 
mechanical strain. 
When such an unstressed coating is taken to a higher strain, morphological changes in 
the cross section are also expected, as in the surface changes detailed in Chapter 6.  In the past, 
the ingress of electrolyte was explained by hypothesis or by observations for selective strains 
that show cracks, e.g. Lavaert et al. [1]. There is limited discussion of the influence of low 
plastic strains on structural changes. Hence, we attempt to study low plastic strains starting 
from 1%. 
At a strain of 1%, the pores begin to coalesce, and have openings at their base. Tiny 
ruptures of a few hundred nanometres in width can be observed in the matrix (Figure 7.2 (a)), 
which serve as enhanced uptake areas for the electrolyte in the coating. Moreover, the SEM 
image of the coating cross-section shows regions of bright edge effects over the whole surface 
(Figure 7.2 (b)) of the polymer matrix, as well as at the edges of the angular fillers. These may 
denote the ruptures in the polymer matrix, and between the angular fillers and the polymer 
matrix, as shown in Figure 7.2 (c). The ruptures may be joined by the increased free volume 
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and capillaries formed in the matrix by the applied strain. The flow of the electrolyte through 
this increased void space is reflected in the decrease in the coating resistance for 1% compared 
to the unstressed sample in Section 5.1.2. As the SEM has its limitations in making the free 
volume and capillaries obvious, finite element analysis (FEA) was used to note the possible 
regions of these feature. 
The static structural module in the ANSYS software was used to simulate a metal with 
a coating comprised of angular fillers, as typically seen in the coating thickness and bubbles 
(simulated in the form of a hollow cylinder). Structural steel was used for the substrate, epoxy 
resin for the coating, and a magnesium alloy for the fillers. These materials were chosen as 
their material properties most closely approximate those of the actual material in the present 
coating, which includes a large number of constituents subject to industrial discretion. 
The FEA simulation in Figure 7.2 (d) shows the presence of high strain regions around 
the fillers, for the von Mises strain. This is similar to that observed by Huang et al. as described 
in Figure 2.22 in Section 2.3.2.3. In the event of the close positioning of multiple fillers, there 
may be a convergence of the high strain regions. These high strain regions indicate areas in the 
coating where stretching and flowing of the polymers chains has occurred. This chain 
movement indicates the formation of a void network. 
The small ruptures in the polymer provide a vertically direct path and an enhanced void 
space for the penetration and accumulation of the electrolyte into the coating thickness, as they 
are attributed to the dominant flow of the electrolyte (Section 2.2.2.2) [2, 10]. Additionally, the 
high shear strain regions around the fillers shown in Figure 7.2 (e) may provide more sites for 
the chemical bonding of the water to the amine groups in the coating. The accumulation of 
electrolyte occurs to a higher extent than in the unstressed sample, as indicated by the higher 
values of coating capacitance for 1% in Figure 5.8. 
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Shapes of inorganic fillers in the model (d) and (e) 
Figure 7.2: FEA models (d, e) for samples under strains of 1% to present possible electrolytic 
path for typical SEM image of the (a) coating surface and (b) cross-section, and (c) magnified 
cross-section showing voids Bright arrows indicate possible direction of electrolytic movement. 
(a) Surface (b) Cross-section 
(d) von Mises strain distribution (e) Shear strain distribution 
(c) Magnified region of (b), red 
arrows showing voids 
Loading 
direction 
 
Loading 
direction 
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A combination of the high value regions formed by the von Mises and the shear strains 
demonstrate the formation of connecting conductive paths that may lead to a reduction in the 
coating resistance. The proportion of the electrolyte uptake should be greater, reflected by an 
increase in the coating capacitance [6, 11]. 
Larger defect areas are seen on the coating surface for the sample under 2.5% strain 
(Figure 7.3 (a)). Figure 7.3 (b) shows a vertical distribution of polymer ruptures in the cross-
section, denoted by black arrows. Bubbles show ruptures at the top and bottom edges, similar 
to those observed by the author in a previous work [12], and appear to be elongated horizontally 
in the direction of the applied strain. Similar to that described in Section 2.3.2, the flow through 
the larger voids is faster and may be the preferred path of the electrolyte. As a result, through 
these bubbles and ruptures, the electrolyte ingress for 2.5% is higher than that for 0% and 1%, 
yielding the lower values of coating resistance in Figure 5.6 in Section 5.1.2 and a smaller 
capacitive semicircle in Figure 5.4 for day 15 in Section 5.1.1. 
When simulated using FEA, large bow-shaped von Mises strains seen at the base of the 
shear band (Figure 7.3 (c)), converge with the strains around the triangular and rectangular 
fillers. The bubbles have bow-shaped high strain regions at the top and bottom edges, 
corresponding to the ruptures in Figure 7.3 (b). As a result, the high strain regions at the top 
and bottom merge with those around the fillers. There are shear strains (Figure 7.3 (d)) 
concentrated at the edges corresponding to ruptures along the edges of the polymer and fillers, 
similar to those observed by Boonyapookana et al. [13]. A linked mesh of the von Mises and 
shear strains forms a conductive channel for the electrolyte through the coating surface into the 
cross-section, indicated by arrows in the FEA model. This may accelerate the ingress, causing 
a rapid drop in the coating resistance, as in Figure 5.6 in Section 5.1.2. The higher occurrence 
of the void space allows for an enhanced storing of the electrolyte in the coating, leading to a 
higher coating capacitance than in the 0% and 1% strains in Figure 5.8 in Section 5.1.2. 
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(a) Surface 
(b) Cross-section 
Figure 7.3: FEA models (c, d) for samples under strains of 2.5% to present possible 
electrolytic path for typical SEM image of (a) the coating surface and (b) the cross-section. 
Black arrows indicate possible direction of electrolytic movement. 
(c) von Mises strain distribution (d) Shear strain distribution 
Loading direction 
Loading direction 
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Obviously, when the surface defects evolve and coalesce at a higher strain level of 3.5% 
(Figure 7.4 (a)), the electrolyte is provided with an open channel to penetrate the coating 
directly. The permeation of the electrolyte is further stimulated at a strain of 3.5%, because of 
the micro-fissures formed in the cross-section of the coating matrix (Figure 7.4 (b)). They 
extend to a considerably greater distance through the thickness of the coating, and facilitate a 
faster transport of the electrolyte to the metal surface, leading to the largest drop in coating 
Figure 7.4: FEA models (c, d) for samples under strains of 3.5%, to present possible 
electrolytic path for typical SEM image of the (a) coating surface and (b) cross-section. 
Bright arrows indicate possible direction of electrolytic movement. 
(a) Surface 
(b) Cross-section 
(c) von Mises strain distribution (d) Shear strain distribution 
Loading 
direction 
 
Loading direction 
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resistance shown in Figures 5.7 and 5.8 in Section 5.1.2. The microcracks are connected by 
means of tiny horizontal microcracks. The FEA model in Figure 7.4 (c) shows a continuous 
mesh of large von Mises strains extending from the bottom of the shear band through the areas 
around the fillers, into the fissures, before reaching the metal substrate. The probable path is 
indicated with arrows. Furthermore, the penetration path may meander along the edges of the 
fillers where shear strains may form void spaces across the width of the coating (Figure 7.4 
(d)). This leads to an accelerated accumulation of the electrolyte in the coating, as evidenced 
by the coating capacitance in Figure 5.8 in Section 5.1.2 that is greater than that for 2.5% strain. 
The sample at 4% in Figure 7.5 (a) shows a fully formed crack on the surface. The 
coating cross-section in Figure 7.5 (b) also shows a vertical crack that has passed through a 
bubble, and is connected to the bottom by means of channels similar to those seen in Figure 
7.4. There are fillers at the interface of the metal and coating, indicating that they separate from 
the polymer interface, similar to that at lower strains, leading to disbonding of the coating from 
the metal substrate. This suggests that the fully formed crack forms a direct channel through 
which the electrolyte can reach the metal surface, such that it is possible for the metal substrate 
to participate in the corrosion process, significantly reducing the overall impedance of the 
Figure 7.5: SEM images for the crack in the coating at 4% strain – (a) surface, and (b) 
cross-section. 
(a) Surface 
(b) Cross-section 
Loading 
direction 
 
Loading 
direction 
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system. This helps to explain the two time constants in the Nyquist plot in Figure 5.9 (b), where 
one time constant is for the coating, and the other is for the underlying metal that is exposed to 
the electrolyte through the through-thickness crack. 
As in the model by Duarte et al. [14] described in Section 2.3.3, the propagation of the 
coating degradation has often been explained by the tortuosity model, which explains the 
electrolytic pathway formation in the coatings. It consists of two types – tortuous pore model, 
and tortuous path model. The tortuous path model states that the path taken by the electrolyte 
through the coating is made more difficult by the filler which acts as obstructions, whereas the 
pore model ascribes the difficult pathway formation to the random distribution of voids and 
free volume in the coating. 
These two models can now be combined using the observations thus far to obtain a two-
dimensional model for the concomitant influence of the mechanical strain and the corrosive 
medium. Such a model is presented in Figure 7.6. It consists of two columns; that on the left 
depicts the stages of cracking in a coating under mechanical strain, and that on the right depicts 
the unstrained and strained coatings exposed to an electrolyte. 
It is proposed that ruptures form in the polymer matrix and along the fillers because of 
the applied strain. Shear bands develop and deepen with increasing applied strain. They 
eventually join the progressively expanding ruptures in the cross-section to form a crack 
extending from the surface to the substrate. When coatings in these intermediate stages of 
cracking are exposed to an electrolyte, the defects and ruptures allow the percolation and 
movement of the electrolyte though the coating. Moreover, the electrolyte forms additional 
paths through the unaffected coating by flowing through the free volume between the polymer 
chains. This enhances the degrading effect that the mechanical strain has already induced in 
the coating. These paths join the ruptures to increase the overall electrolyte uptake and promote 
its movement towards the metal substrate. In the case where the defects have joined to form a 
179 | P a g e  
 
direct crack, the electrolyte can move instantaneously to the metal substrate and initiate 
corrosion. 
Figure 7.6: Two-dimensional model for influence of applied strain and exposure to environment. 
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7.2 Three-dimensional perspective 
The SEM technique detailed in the previous section is limited by its inability to reveal 
the interconnecting capillaries shown in the FEA modelling. Moreover, there is a need to 
expand the model from a cross-sectional to a three-dimensional view.  
As described in Section 2.3.2, there have been previous attempts to observe electrolyte 
pathways in a three-dimensional view. However, they have been carried out for unstrained 
samples only. Hence, we attempt to view the three-dimensional void network formed for a 
coating subjected to mechanical strain. 
In the present study, the coating was subjected to a strain of 2.5% and was then analysed 
using the CT technique, as shown in Figure 7.7. In Chapter 6, the polymer component was 
shown to be composed of regions of different absorption densities. Here, the void component 
is described. The details of this procedure are given in Chapter 3 Section 3.4. The notable 
feature is the presence of large void spaces denoted by arrows in Figure 7.7 (b) between the 
higher and lower polymer compositions. These void spaces are rectangular and may be 
representative of the high stresses acting at the interface, leading to features such as crazing 
and shear banding. The compositional heterogeneity may lead to a dissimilar bonding at the 
interfaces, resulting in variation in the localised mechanical properties [15-17]. This may make 
the interface more susceptible to a large deformations than the surrounding regions. 
An important observation of the void cluster is the development of a three-dimensional 
interconnected void network in the strained sample (Figure 7.7 (c)). The network shows the 
voids to be in the form of twisting capillaries. The capillaries are also seen along the interface 
of the two different polymer absorption density regions, pointing to the importance of a more 
homogeneous polymer structure. The meandering capillaries are similar to those observed in 
Section 2.3.3 by Gebäck et al. [18]. 
181 | P a g e  
 
 
A simplistic FEA was carried out to depict a heterogeneous coating on a steel substrate, 
as shown in Figure 7.8, using the static structural module in the ANSYS software. While the 
substrate was simulated using structural steel as the material, heterogeneous coating was 
simulated using two types of epoxy resins from the materials library in the software. These 
materials were chosen as their material properties most closely approximate those of the actual 
material in the present coating, which includes a large number of constituents subject to 
industrial discretion. 
An application of a small displacement brought about a distribution of the von Mises 
stress and shear stress on the polymer. There is a conspicuous presence of a high stress 
Figure 7.7: DCM representation for components in coating strained to 2.5%, for (a) organic, (b) 
void network, and (c) void network in the presence of an organic component. The yellow arrow in 
(b) represents the straight rupture formed between different polymer compositions shown in (a). 
(a) Organic component (b) Void network 
(c) A composite 
representation of 
polymer and voids 
20 µm 
182 | P a g e  
 
distribution at the interfaces between the two types of epoxy (D and I), which may be 
responsible for the vertical void. The shear stress is also concentrated at the interfaces and may 
contribute to the aforementioned void formation. 
 
As mentioned, the models usually consider either the tortuous pore or tortuous path 
models. Figure 7.6 shows the presence of both the voids and filler elements in an actual 
electrolyte movement pathway, and both of these factors affect the coating, especially when a 
coating is subjected to mechanical strains and the environment. This is better explained by 
Figure 7.9, which shows the FEA simulation performed to take into account a three-
Figure 7.8: FEA simulation depicting von Mises and shear strain distributions for an 
inhomogeneous polymer coating, where D and I represent lower and higher polymer 
composition, respectively. 
Decreasing magnitude of strain 
(b) von Mises strain distribution  
(c) Shear strain distribution  
(a) Schematic for 
inhomogeneous 
polymer composition 
I 
I 
I 
D 
D 
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dimensional view of the strain distribution on application of a strain. The polymer has two 
compositions to simulate the heterogeneity of the coating. The von Mises strain distribution 
(Figure 7.10 (b)) shows the strain distribution around the fillers in the cross-section, where the 
high strain regions around the filler converge to form connected structures. If the fillers are 
hidden from view, the high strains are visible not only in that plane, but also along the 
horizontal plane of the filler. 
 
Figure 7.9: FEA simulation to present the interconnecting strain networks around the inorganic 
fillers in a heterogeneous polymer; (a) schematic of a heterogeneous polymer coating on steel 
substrate, and (b) vertical section showing the von Mises strain distribution around blue angular 
fillers. 
(a) 
(b) 
Metal substrate 
Heterogeneous 
polymer coating 
 Blue angular inorganic fillers 
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In the present study, the voids are observed around the fillers. Such voids may be 
formed as a result of the high strain regions around the fillers in both the horizontal and vertical 
directions, as in Figure 7.3. Figure 7.10 (a) shows the von Mises strain distribution in the 
horizontal and vertical sections, where there is a convergence of the various high strain areas 
around the fillers in all directions. A three-dimensional connectivity in the void network is 
particularly conspicuous when a isosurface is produced from the high strain regions in the 
simulation (Figure 7.10 (b)). The capillaries are shown in yellow around the blue and green 
fillers. Thus, when an electrolyte is absorbed at a filler, it surrounds the fillers in all high strain 
regions. In regions with no filler, there are high strain regions corresponding to the void 
network seen in the polymer structure alone; this observation is presented in a two-dimensional 
form. Thus, the inorganic/organic interface is affected by not just the mechanical strain, but 
also by the electrolyte ingress. 
Figure 7.10: FEA simulation to present the yellow interconnection strain networks around 
the blue inorganic fillers in a heterogeneous polymer; (a) combination of vertical and 
diagonal cross-section, and (b) isosurface showing yellow high strain regions surrounding the 
blue and green fillers and connecting with neighbouring strain regions. 
(a) 
(b) 
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These specific fillers and pores may become stress concentration sites, leading to 
interference in the transport of the ions when a CP is applied, as observed from the impedance 
variations in Section 5.1.1. The differential movement of the electrolyte through the complex 
network may also interfere with the cathodic reactions occurring in the presence of CP and 
mechanical strain. 
To demonstrate this point, a simulation of a differential speed distribution for the DCM 
modelling is provided in Figure 7.11 as an example, using the plugin for “the partially 
percolating LBM single phase flow” developed by Li et al. [19]. Figure 7.11 (a) shows the 
organic part of the coating, and Figure 7.11 (b) shows the corresponding fluid speed 
distribution in the organic part. The calculations are based on the assumption that there exists 
a pressure differential across the coating, which in this case can be assumed to be osmosis. 
Although absolute speeds cannot be determined, it is useful in assessing the positions of flow 
constriction.  
In Figure 7.11 (b), the blue and red regions denote the lower and higher spectrum of the 
speed, respectively. The region with a substantial presence of the polymer is shown in blue, 
indicating that the fluid speed for the electrolyte is low. This implies that the polymer may be 
porous, but to a very small extent. 
In contrast, the areas between the heterogeneous regions of the polymer, identified as 
voids in Figure 7.3 (b), are shown in bright green or yellow. The green denotes that the speed 
of the fluid in these capillaries is greater than that in the adjoining polymer, and is probably the 
preferred path for the transport of the electrolyte, as espoused earlier. There are regions of light 
blue where the speed is greater than in the polymer, but lower than in the capillaries. 
Cross-section in Figure 7.11 (c) and (d) shows that some of the capillaries terminate in 
the middle of the cross-section (indicated by arrows), while others join with adjoining ones, 
but change their direction of flow to horizontal. It is these abruptly terminating capillaries that 
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may obstruct the smooth functioning of the CP, leading to a higher impedance measurement. 
The air that may be present in these channels may add to the overall resistivity of the system, 
leading to an increase in the impedance [10]. Further, the cross-section through a large bubble, 
shown in Figure 7.11 (e), shows the centre in red. This indicates that there is a rapid flow of 
Figure 7.11: DCM simulation to present the fluid speed distribution patterns through the 
capillaries network in the coating; (a) organic part, (b) fluid speed distribution over the entire 
surface, (c) and (d) cross-section indicating the variations in the channel connections, and (e) 
fluid speed distribution in a bubble, indicated by arrows. Blue indicates lower values, while 
red indicates higher values. 
(a) (b) 
(c) (d) 
(e) 
20 µm 
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electrolyte through the centre of the bubble. This concurs with the concept proposed in Section 
2.3.2 that the large voids are filled with the electrolyte first [2, 3]. 
Thus, the progressive movement of the electrolyte affects the coating both 
morphologically and chemically, in an adverse manner. In contrast, the fillers that are supposed 
to act as the obstructions for the electrolyte act as a damaging factors by becoming stress 
concentration sites. The resulting loss in the physical properties as well as the electrolyte 
reaching the metal substrate constitute the degradation of the coating. 
7.3 Conclusion 
The further propagation of the coating degradation was found to be affected by not just 
the voids in the coating, but also by the fillers. The formation of the mechanical defects in the 
coating is dictated by the pre-existing voids and the fillers. The progression of the defect 
formation was found to correlate with the decreasing trends shown in EIS data in Chapter 5. 
These behaviours can be explained and condensed into an electrolyte ingress model for the 
concomitant effects of mechanical strain and corrosive environment. The electrolyte paths 
hypothesised in the model from a meandering three-dimensional network in the horizontal and 
vertical directions, and are dependent on coating heterogeneity, voids, and fillers. 
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Chapter 8 Conclusions and recommendations 
This chapter documents the key outcomes of the research conducted in the present 
thesis. In addition, it briefly explains the major contributions of the findings to the existing 
knowledge on coating degradation. Lastly, a few recommendations are made so that the 
knowledge gained from this work can be utilised to enhance coating properties, and hence their 
operational life. 
8.1 Conclusions 
1. A novel experimental setup for the simultaneous application of a corrosive 
environment, mechanical strain, and CP on coatings was designed and constructed, 
wherein EIS was incorporated to monitor and analyse coating degradation. The new 
device is found to have the capability to assess the coating degradation, filling a gap in 
the technological capability of studying coating degradation under complex conditions. 
2. The influence of mechanical strain and corrosive environment on coating degradation 
was studied using a new experimental approach. The focus is on the effect of low plastic 
strains on coatings in an electrolyte simulating soil resistivity conditions. It was found 
that mechanical straining, even at low plastic strains, and exposure of the coating under 
natural exposure conditions can cause a significant variation in the electrochemical 
impedance of coatings, indicating enhanced degradation of coatings. The trends of 
changes in coating resistance and coating capacitance from the EIS data analysis reveal 
the initiation and propagation of coating degradation as a result of defect formation 
under the effect of mechanical strain and electrolyte ingress into the coating. The CP 
potential is shown to either impede or enhance the coating degradation, depending on 
the level of CP potential. 
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3. The influence of mechanical strain and corrosive environment on coating degradation 
was further analysed and understood by surface and coating characterisation 
techniques, including SEM and X-ray computed tomography. The application of low 
plastic strains on coatings was found to induce an evolution of surface and through-
thickness defects. Capillaries through which the electrolyte can pass were revealed 
through advanced characterisation. The heterogeneity of the polymer was found to 
affect the position of these coating defects, capillaries, and voids, which usually 
occurred at the interface of the heterogeneity. The capillaries formed an intricate three-
dimensional network in the coating. 
4. A two-dimensional model that combines mechanical strain and environmental exposure 
was proposed to explain the electrolyte ingress. Moreover, it incorporates the tortuous 
paths formed by both the fillers and pores in the coating. The model and experimental 
findings are used to explain coating degradation behaviour and the electrolyte ingress 
models reported in the historical literature. 
8.2 Recommendations for further work 
The research carried out in this thesis used a newly developed tensile testing rig to 
thoroughly investigate the modes of degradation of a coating subjected to the synergistic 
influences of a corrosive medium, mechanical strain, and cathodic protection. It brought to 
light several unexplored aspects, and hence opened new fields for further research. 
Based on the key findings, the following specific recommendations are made for future 
work: 
 Further modification of the new setup: The new setup has proved to be highly useful for 
the study of coating degradation under complex conditions. The setup can be modified 
further to become automated to enable the mechanical strain to be changed according to 
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pre-programmed values. Moreover, it can be improved to incorporate heating and 
temperature measurements. The challenge lies in enabling these improvements such that 
the size of the setup is not altered, and the ease of operations is maintained or improved. 
Further, the setup should be assessed for its ability to be utilised as a possible technique 
for industrial coating testing. 
 Role of fillers on the overall coating properties: This study revealed the crucial role of the 
inorganic fillers in the coating damage. There is a need to consider the filler role from all 
points of view, and not only from the improvement obtained in the coating barrier 
properties or the coating mechanical strength. There should be a detailed investigation into 
the specific shapes that optimise the electrochemical, mechanical, chemical, and physical 
properties of the coating, leading to a longer coating life. The standards related to the 
coating selection should be modified to include a more defined and stricter framework for 
the selection of the fillers. 
 Using advanced techniques to study coating structure: The advanced SEM and CT 
techniques used in this work revealed critical details regarding the coating morphology, 
voids, and polymer composition. It is essential to employ such characterisation techniques 
in a way that improves and homogenises the coating properties. 
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Appendix 3 
Properties of coating used in the study as given in technical data sheet of DENSO 
PROTAL 7200 
Test Test Method Units Value 
Specific Gravity @ 25°C 
Base 
Cure 
ASTM D1475 - 
1.63 
1.05 
Density - Mixed  ASTM D792 kg/L 1.63 
Viscosity @ 25°C 
Base 
Cure 
Mixed 
 
ASTM D2196 cP 
255,000 
5,500 
170,000 
Tensile Strength  
 
ASTM D638 MPa 28.0 ± 1.4 
Elongation  
 
ASTM D638 % 15.5 ± 0.9 
Adhesion 
                                          to FBE 
                                          to steel 
ASTM D4541-02 MPa 
 
22.0 
22.0 
Flexibility @ 24°C 
Procedure A – 775 µm gauge 
NACE RP0394 
No tearing 
or cracking 
Pass 
Holiday Detection (quality 
control) 
NACE SP0188-06 
ASTM G62 
V / 25.4 µm 
gauge 
125 
Cathodic Disbondment (28 days) 
@ 25°C 
@ 80°C 
@ 95°C 
ASTM G95 
mm 
radius 
≤ 3 
≤ 4 
≤ 6 
Abrasion Resistance 
1000 cycles,CS-17 wheel,1kg 
load 
ASTM D4060 
Cycles / 25 
µm 
≥ 1250 
Shore D Hardness, Type D2 ASTM D2240 Duro 85 ± 2 
Impact Resistance ASTM G14-88 Joule 6.88 
Gouge Resistance 
50 kg load, 800 µm gauge 
Partech Method 
Holiday Detection 
No 
holidays 
Pass 
 
